(19) 



J 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 




(11) 



EP 1 035 234 A1 



(12) 



EUROPEAN PATENT APPLICATION 

published in accordance with Art. 158(3) EPC 



(43) Date of publication: 

13.09.2000 Bulletin 2000/37 

(21) Application number: 98938962.2 

(22) Dateof filing: 25.08.1998 



(51) int.ci.7: C30B 15/20, C30B 29/06, 
H01L 21/322. H01L 21/208 

(86) International application number: 
PCT/JP98/03749 

(87) International publication number: 

WO 99/10570 (04.03.1999 Gazette 1999/09) 



(84) Designated Contracting States: 
DE 

(30) Priority: 26.08.1997 JP 22971697 

26.12.1997 JP 35883397 

28.01.1998 JP 1553098 
24.02.1998 JP 4262798 
03.07.1998 JP 18859898 
24.08.1998 JP 23671798 

(71) Applicant: 

Sumitomo Metal Industries Limited 
Osaka-shi, Osaka 541-0041 (JP) 

(72) Inventors: 

• EGASHIRA, Kazuyuki 
Sumitomo SItlx Corporation 
Saga 849-0506 (JP) 

• OKUl, Masahiko 

Sumitomo Metal industries, Ltd. 
Osaka-shi Osaka 541-0041 (JP) 

• NISHIMOTO, Manabu 
Sumitomo Metal Industries, Ltd. 
Osaka-shi Osaka 541-0041 (JP) 



• TANAKA, Tadami 
Sumitomo SItix Corporation 
Saga 849-0506 (JP) 

• KURAGAKi, Shunji 
Sumitomo SItix Corporation 
Saga 849-0506 (JP) 

- KUBO, Takayuki 
Sumitomo SItix Corporation 
Saga 849-0506 (JP) 

• KIZAKI, Shingo 
Sumitomo SItlx Corporation 
Saga 849-0506 (JP) 

• HORII, Junji 

Sumitomo SItlx Corporation 
Saga 849-0506 (JP) 

• ITO, Makoto 

Sumitomo SItix Corporation 
Saga 849-0506 (JP) 

(74) Representative: 

Uchida, Kenji et al 

S.A. Fedlt-Lorlot et Autres Consells en Propriete 

industrlelle, 

38, avenue Hoche 

75008 Paris (FR) 



CO 
CM 

lO 
CO 



(54) HIGH-QUALITY SILICON SINGLE CRYSTAL AND METHOD OF PRODUCING THE SAME 

(57) A method of producing a high-quality silicon 

single crystal of a large diameter and a long size in a via. ? 

good yield by controlling the positions where ring-like 
oxygen-induced stacking faults (R-OSF) occur in the 
crystal faces and minimizing grown-in defects such as 
dislocation clusters and infrared scattering bodies that 
are Introduced in the pulling step. Wafers produced from 
the above high-quality silicon single crystal contain little 
harmful defects that would deteriorate device character- 
istics and can be effectively adapted to larger scale inte- 
gration and size reduction of the devices. Therefore, the 
method can be extensively utilized in the field of produc- 
ing semiconductor silicon single crystals. 
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Description 

Technical Field 

5 [0001] This invention relates to silicon single crystals for use as semiconducting materials. More particularly, it Is 
directed to a high-quality silicon single crystal that is grown by a Czochralski method (hereinafter refen-ed to as "CZ 

method") and that Is excellent In device characteristics, and to a method of producing such a high-quality silicon single 

.—«,_■ 

Cri yoloi. 

10 Background Art 

[0002] A variety of methods are available to grow silicon single crystals for use as semiconducting materials. 
Among these methods, the CZ method is extensively used. 

[0003] FIG. 1 is a schematic sectional view of a single crystal producing apparatus used for producing single crys- 
15 tals by a normal CZ method. As shown in FIG. 1, a crucible 1 comprises a quartz-made, bottomed, cylindrical Inner 
layer holding container 1a, and a graphite-made, similarly bottomed and cylindrical outer layer holding container 1b that 
is fitted over the outside of the inner layer holding container la. The constructed crucible 1 is supported by a support 
shaft 1c that Is rotated at a predetermined speed. Outside the crucible 1 is set a heater 2, which Is provided in the form 
of a concentric cylinder. The crucible 1 is charged with a melt 3 that is a raw molten material heated by the heater 2. A 
20 pulling shaft 4, such as a pull rod or a wire, is provided at the center of the crucible 1. A seed chuck and a seed crystal 
5 are attached to the distal end of the pulling shaft 4, and the seed crystal 5 is brought into contact with the surface of 
the melt 3 in order to grow a single crystal 6. Further, by pulling the seed crystal 5 at a predetermined rate using the 
pulling shaft 4 while rotating the pulling shaft 4 in a direction opposite to the direction of the crucible 1 rotated by the 
support shaft 1c, the melt 3 is solidified at the distal end of the seed crystal 5, thereby gradually growing the single crys- 
25 tal 6. 

[0004] For single crystal growth, a seed-constricting step is carried out first so as to make the crystal dislocation- 
free. Thereafter, to secure a body diameter of the single crystal, a shoulder is formed, and when the body diameter has 
been obtained, a shoulder-changing step is performed. Then, the single crystal growing process is shifted to the single 
crystal body-growing step while maintaining the obtained body diameter. When the single crystal has been grown to a 
30 predetermined length while maintaining the body diameter, a tail constricting step is carried out so as to separate the 
single crystal from the melt in the dislocation-free state. Thereafter, the single crystal separated from the melt is taken 
out of the puller, and cooled under a predetermined condition, and processed Into wafers. The wafers thus processed 
from the single crystal are used as substrate materials for the preparation of various devices. 

[0005] In an in-plane area of a wafer that is processed through the above-described steps, there may occur, in 
35 some cases, oxidation-induced stacking faults (hereinafter referred to as "OSF") as defects appearing through heat 
treatments. Ring-like extending OSF (hereinafter referred to as "R-OSF") may appear in some cases depending on the 
pulling condition of a single crystal. At the same time, there occur, in the in-plane area of the wafer, defects that called 
"grown-in defects." These grown-in defects are formed during single crystal growth and detected in wafers subjected to 
heat treatments or predetermined evaluation processes. 
40 [0006] FIG. 2 schematically illustrates a generally observed relationship between the pulling rate during single crys- 
tal growth and the positions where crystal defects occur. As shown in FIG. 2, in a silicon single crystal grown by the CZ 
method, the region where R-OSF appear shrinks inward from the outer edge of the crystal as the pulling rate is 
decreased. Therefore, when a single crystal is grown fast, the crystal in the inner region of R-OSF expands into the 
whole wafer, while when a single crystal is grown slowly, the crystal in the outer region of R-OSF expands Into the whole 
45 wafer. 

[0007] Grown-in defects observed on a surface of a wafer are different between a rapidly grown crystal and a slowly 
grown crystal. In the crystal that is grown fast, i.e., in the inner region of R-OSF, defects called "laser scattering tomog- 
raphy defects" (they are also called as "COP" and "FPD," and are detected by different evaluation methods, but are 
derived from the same kind of defect) are detected. On the other hand. In the crystal that is grown slowly, i.e., in the 

50 outer region of R-OSF. defects called "dislocation clusters" are detected. 

[0008] FIG. 3 schematically illustrates an example of a typical distribution of defects observed at an in-plane posi- 
tion A of the crystal of FIG. 2 previously described. This schematically shows the results of observations made through 
X-ray topography as to the distribution of defects of a wafer after the wafer was sliced from a single crystal immediately 
after growth, had Cu deposited thereon while immersed into an aqueous solution of copper nitrate, and heat-treated for 

55 20 minutes at 900°C. That is, in the in-plane area of the wafer, R-OSF appears at a position that is about 2/3 of the out- 
side diameter, and laser scattering tomography defects are found inside R-OSF. Further, an oxygen precipitation-pro- 
moting region exists immediately outside R-OSF so as to touch R-OSF. Oxygen precipitates easily form in this region. 
Around the outer edge of the wafer extends a region where dislocation clusters easily occur. Furthermore, it is observed 
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that a denuded zone free of dislocation clusters Is slightly present immediately outside the oxygen precipitation promot- 
ing region, and a denuded zone free of laser scattering tomography defects is slightly present inside R-OSF so as to 
touch the ring. 

[0009] OSF impair electrical properties, e.g., in the form of increased leak current while showing themselves up in 
5 a high-temperature thermal oxidation process during device fabrication, and dislocation clusters also greatly deteriorate 
device characteristics. Therefore, a single crystal is usually produced by adjusting the growing rate so that R-OSF is 
located around the outer edge of a wafer. On the other hand, laser scattering tomography defects are factors for dete- 
riorating the initial oxide film withstand voltage characteristics, and they must also be minimized. 
[0010] As described eariier, to suppress the occurrence of R-OSF on a surface of a wafer, a single crystal is usually 
10 grown under such a condition that the R-OSF position Is limited within the outer edge of the wafer. However, it is known 
that the R-OSF position is determined, in addition to the pulling rate, by the highest temperature range (from the melting 
point to 1250°C) In which the crystal stays during growth, and is hence affected by the heat history of the crystal In the 
highest temperature range during pulling. Thus, to determine the R-OSF position, attention must be paid to two factors, 
i.e., the temperature gradients in the direction of the pulling shaft and the pulling rate, which are to be achieved while a 
15 single crystal being grown stays in the highest temperature range. That is, the R-OSF position can be limited around 
the outer edge of a wafer by decreasing the temperature gradients when the pulling rate is not changed, or by decreas- 
ing the pulling rate when the temperature gradients are not changed. 

[001 1] To check the position and width of R-OSF occun^ing in the in-plane area of a wafer, it is effective to observe 
the distribution of defects in the wafer through X-ray topography after immersing the wafer that is processed from an as- 
20 grown single crystal into an aqueous solution of copper nitrate to thereby deposit Cu thereon, and heat-treating It for 20 
minutes at 900°C. Further, the position of the previously described oxygen precipitation-promoting region present 
immediately outside R-OSF can also be checked through a similar method. 

[0012] When a silicon single crystal has low oxygen content of, e.g., 13x10''^ atoms/cm^ or less, one may not 
observe R-OSF cleariy with the above-described method in some cases. In such cases, it is suggested that a ring-like 
25 region where the amount of oxygen precipitates is small be observed through X-ray topography after a wafer processed 
from an as-grown single crystal is charged into a heat treatment furnace of 650°C, thereafter heated at a rate of 8°C/min 
or less, and then heat-treated for 20 hours at 900°C and for 10 hours at 1000°C. Further, the position and width of the 
oxygen precipitation-promoting region present immediately outside R-OSF can also be checked through a similar 
method. 

30 [0013] Further, the R-OSF position can also be checked by using the outside diameter of a circular region where 
laser scattering tomography defects are detected as a reference when a wafer processed from an as-grown single crys- 
tal is subjected to infrared scattering tomography to measure the laser scattering tomography defects. Furthermore, the 
density of dislocation clusters is observed using an optical microscope though the so-called "Secco etching" In which 
the surface of a specimen wafer is etched using a Secco solution. 

35 [0014] Owing to the recent trends not only toward low-temperature processing during device production to get rid 
of unsatisfactory effects of OSF easily occurring in high-temperature processes, but also toward lower oxygen contents 
in crystals, R-OSF are not considered so serious a problem as a factor for deteriorating device characteristics. On the 
other hand, of the grown-in defects, both laser scattering tomography defects and dislocation clusters are factors for 
deteriorating device characteristics, and thus It is more important to reduce the density of these grown-in defects in the 

40 in-plane area of a wafer. While the grown-in defects are less dense at the previously described denuded zones adjacent 
to R-OSF, such zones are limited to very narrow regions. 

[0015] Various methods have so far been proposed to reduce the density of grown-in defects in the in-plane area 
of a wafer. For example, Japanese Unexamined Patent Application Laid-Open No, 8-330316(1996) proposes a method 
in which only the outer region of R-OSF Is expanded into the whole in-plane area of a crystal without causing dislocation 
45 clusters to occur by controlling the pulling rate and the temperature gradients within the crystal during single crystal 
growth. However, according to the proposed method, both extremely limited in-plane temperature gradient and pulling 
conditions must be satisfied at the same time, and thus new improvements must be made in growing silicon single crys- 
tals for which larger diameter and mass production are called. 

[0016] Next, Japanese Unexamined Patent Application Laid-Open No. 7-257991(1995) and Journal of Crystal 
50 Growth 151 (1 995, pp. 273-277) disclose methods in which the temperature gradients in the direction of the pulling shaft 
of a single crystal are increased, so that R-OSF can disappear into the inside of the crystal under high-speed pulling 
conditions, and thus the outer region of R-OSF can be expanded into the whole in-plane area of the crystal. However, 
the methods disclosed by these publications have given no considerations to the distribution of temperature gradients 
in the in-plane area of the crystal, i.e., the uniformity of a temperature distribution in the in-plane area of a wafer and to 
55 the in-plane homogenization of introduced point defects. In other words, no considerations are given to means for 
reducing grown-ln defects in the in-plane area of a wafer, and thus, even if only R-OSF are shrunk inward, dislocation 
clusters do remain in the In-plane area of the wafer as in conventional crystals. Therefore, the methods disclosed in 
these publications are not successful either In processing wafers having a lower density of grown-in defects. 
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Disclosure of the Invention 
[0017] 
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stays a temperature range of its solidifying point to 1250**C during growth, and that the outside diameter of R- 
OSF is within a range of 0-60% of the diameter of the grown crystal. 

5. Fifth High-Quality Silicon Single Crystal and Method of Producing the Same 

5 

(1) A high-quality silicon single crystal grown in such a state that the shape of a solid-melt interface between 
the single crystal and a melt is flat or upwardly convex when pulled by a CZ method, characterized in that the 
outside diameter of R-OSF is within a range of 0-60% of the diameter of the grown crystal; and 

(2) A method of producing a high-quality silicon single crystal characterized in that the single crystal is pulled 
10 in such a state that the shape of a solid-melt interface between the single crystal being grown and a melt is flat 

or upwardly convex at such a low rate as to allow the outside diameter of R-OSF occurring in the single crystal 
to be within a range of 0-60% of the diameter of the crystal. In this producing method, it is desirable to set the 
rotating speed of a crucible at 5 rpm or less, or/and the rotating speed of the single crystal at 1 3 rpm or more. 

15 [0018] In this invention, the distribution of each type of defect may be detected through X-ray topography after 
immersing an as-grown wafer or specimen Into an aqueous solution of copper nitrate to thereby deposit Cu thereon and 
then heat-treating it for 20 minutes at 900*C. Further, when the oxygen concentration is decreased, the distribution of 
OSF may not be observed satisfactorily in some cases under this condition. In such cases, X-ray topography may be 
used after charging an as-grown wafer or specimen into a furnace whose temperature has reached about 650°C, heat- 

20 ing it up to 900=^0 at a rate of 5°C/min. soaking it for 20 hours, thereafter heating it to 1000°C at a rate of 10°C/min, and 
soaking it for 10 hours at that temperature. The density of dislocation dusters is detected by subjecting the surface of 
the wafer or specimen to Secco etching and observing its defects using an optical microscope. Further, laser scattering 
tomography defects are detected through laser scattering tomograpy. 

25 Brief Description of the Drawings 

[0019] 

FIG. 1 is a schematic sectional view of a single crystal producing apparatus that is used for producing a single crys- 
30 tal by a normal CZ method. 

FIG. 2 schematically illustrates a generally observed relationship between the pulling rate during single crystal 
growth and the positions where crystal defects occur, and FIG. 3 schematically illustrates an example of a typical 
distribution of defects observed at an In-plane position A of the crystal of FIG. 2. 

FIG. 4 schematically shows the relationship between the radial position and width of R-OSF and how dislocation 
35 dusters occur in an 8"-diameter crystal grown under conventional growing conditions, and FIG. 5 schematically 
shows the relationship between the radial position and width of R-OSF and how dislocation clusters occur In an 8"- 
diameter crystal grown under improved growing conditions. 

FIG. 6 schematically shows the relationship between the distribution of concentrations of vacancies introduced Into 
an in-plane area of a crystal and the width of R-OSF formed in the crystal. 
40 FIG. 7 shows the relationship between the in-plane R-OSF position and the FPD distribution density in an as-grown 

crystal that was grown in accordance with Example 1. and FIG. 8 shows the results of examinations made as to 
time-zero dielectric breakdown (TZDB) of wafers processed from the single crystal that was produced in accord- 
ance with Example 1 . 

FIG. 9 shows the FPD distribution density in an as-grown crystal that was grown in accordance with Example 2. 
45 FIG. 10 shows the relationship between the in-plane R-OSF position and the FPD distribution density in an as- 

grown crystal that was grown in accordance with Example 3, and FIG. 1 1 shows the results of examinations made 
as to time-zero dielectric breakdown (TZDB) of wafers processed from the single crystal that was produced in 
accordance with Example 3. 

FIG. 12 shows the FPD distribution density in an as-grown crystal that was grown in accordance with Example 4. 
50 FIG. 1 3 shows a pulling rate changing pattern in the case where the pulling rale was changed in the course of grow- 
ing single crystals, and FIG. 14 shows the heat histories of crystals A and B whose pulling rates were changed in 
the course of their growth. 

FIG. 15 shows the results of examinations made as to time-zero dielectric breakdown (TZDB) of wafers processed 
from a single crystal that was produced In accordance with Example 6. 
55 FIG. 16 illustrates the temperature distributions of single crystals being grown and the behaviors of vacancies 

resulting from such temperature distributions. 

FIG. 17 shows how the concentration distribution of vacancies and that of interstitial Si atoms in the in-plane area 
of a single crystal change near the solid-melt interface and in a temperature range of the melting point to 1 250®C 
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examples to be described later, respectively. 

[0025] FIG- 5 schematically shows the relationship between the radial position and width of R-OSF and how dislo- 
cation clusters occur in the 8"-diameter crystal that was grown under the improved growing conditions (the axis of 
abscissa indicates the width of R-OSF in %). It is understood that the improved growing conditions can make the R-OSF 
5 width wider and the region free of dislocation clusters expands. For example, it is understood from FIG. 5 that when the 
R-OSF width becomes 30% of the diameter of the crystal, dislocation clusters do not occur no matter where R-OSF is 
located. 

[0026] FIG. 7, which will be described later, shows the relationship between the in-plane R-OSF position and the 
FPD distribution density in an as-grown crystal that was grown in accordance with Example 1 . That is, FIG. 7 shows the 

10 FPD density in an in-plane area of a wafer free of dislocation clusters in the case where the width of R-OSF was within 
a range of more than 8% to about 39% of the radius of the grown crystal (the width of R-OSF was 30 mm in the 6"- 
diameter crystal) and the R-OSF position was changed. As shown in FIG. 7, as the R-OSF width grows, FPD are some- 
times observed around the center when the R-OSF position is r = 2/3R . However, when the R-OSF position is changed 
to r = 1/3R , there are no observable FPD. 

15 [0027] FIG. 10, which will be described later, shows the relationship between the in-plane R-OSF position and the 
FPD distribution density in an as-grown crystal that was grown in accordance with Example 3. Similariy to FIG. 7 
described above, FIG. 10 shows the FPD density in an in-plane area of a wafer free of dislocation clusters in the case 
where the R-OSF width was about 39% of the radius of the grown crystal (the R-OSF width was 40 mm in the 8"-diam- 
eter crystal) and the R-OSF position was changed. As is apparent from FIG. 1 0 that as the R-OSF width grows, no FPD 

20 are observed in the inner region of R-OSF depending on the R-OSF position. Thus, increased R-OSF widths can elim- 
inate dislocation cluster formation, and reduce the laser scattering tomography defect density in the inner region of R- 
OSF to an extremely small level, and even can eliminate the formation of laser scattering tomography defects by adding 
some other conditions. 

[0028] According to the investigations made by the Inventors, to eliminate grown-in defects from the in-plane area 
25 of a crystal without causing dislocation clusters and laser scattering tomography defects to occur in the in-plane area 
of a wafer, it is required that the R-OSF width be increased and that the R-OSF position be within a range of 0-80% of 
the diameter of the crystal. 

[0029] That is, compared with the conventional crystal. R-OSF is located closer to the center of the in-plane area 
of the wafer, but it is wider so that denuded zones are expanded with no dislocation clusters present in the outer region 
30 of R-OSF, and in addition, laser scattering tomography defects are no longer observed in the inner region of R-OSF 
Since grown-in defects that deteriorate device characteristics can be prevented from occurring in the whole in-plane 
area of a wafer in this way. the percent nondefective of devices can be greatly improved. 

[0030] The reason why the R-OSF width is set at values exceeding 8% of the radius of the grown crystal in the first 
high-quality silicon single crystal is as follows: In the conventional example, dislocation clusters occur with the R-OSF 

35 position located at r = 2/3R when the R-OSF width is 8% or less, while when this invention is applied, dislocation clus- 
ters no longer appear even if the R-OSF width exceeds 8% and the R-OSF region is shrunk to be positioned at r = 2/3R 
or less. Further, the reason why the R-OSF position Is set within a range of 0-80% of the diameter of the grown crystal 
is because within such a range, grown-in defects can be reduced to an extremely small degree or totally eliminated. For 
example, the smaller the value r, the less dense grown-in defects, with no grown-in defects detected when r = 1/3R or 

40 less. Therefore, in the first silicon single crystal of this invention, it Is specified that grown-in defects are present "at a 
low density or absent," because its grown-in defects are reduced markedly compared with the conventional example in 
which the vMo\e crystal is found inside R-OSF. 

[0031] To produce the first high-quality silicon single crystal, it is required at the time of CZ method-based growth 
that the heat history of a single crystal during a period in which the crystal stays in a high-temperature range (from the 

45 melting point to 1200°C) be controlled so as to make the concentrations of point defects that are introduced into an in- 
plane area of the crystal during that period uniform in such in-plane area. These point defects in the crystal are classi- 
fied into vacancies and interstitial SI atoms. Vacancies are particularly relevant to R-OSF formation, and the position 
and width of R-OSF occurring in the in-plane area of a crystal coincide with the site and region where the vacancy con- 
centration is within a certain limited range. 

50 [0032] During single crystal growth, the in-plane temperature gradients of a crystal usually differ in the direction of 
the pulling shaft. Specifically, the crystal temperature drops faster toward the outer edge, resulting in larger temperature 
gradients toward -the outer edge. In this case, vacancies introduced into the crystal diffuse toward the solid-melt inter- 
face in the direction of the pulling shaft and disappear in larger amounts with increasing temperature gradient, resulting 
in a markedly reduced concentration of the vacancies that remain as introduced into the crystal. As a result, when the 

55 temperature gradients in the direction of the pulling shaft differ, the concentrations of vacancies introduced into the in- 
plane area of the crystal are not uniform, resulting in lower vacancy densities toward the outer edge of the crystal. 
Therefore, by making the temperature gradients in the direction of the pulling shaft in the in-plane area of the crystal 
uniform, the in-plane vacancy concentrations can be made uniform. 
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region where the'vacancyconcent^tLTSnXte^^^^^^^^^ T""Lf' "'^^ ^^'^"^^ ^' ^ 

Plane vacancy concentration Is achieved as indicatS bv thT'^^^ 

w^r wiotn ,n the conventional crystal is kept at 8% or le.s.. nf fh» r=.Hi,.. i:::"!':!" ^-"^"1'' '"-P'^"« 

vacancy concentration ranae coinridinn with th» r occ • " "V"!"'- mis is oecause the 
crystal since the temperat u'r^ S^s^t dfrec'tiofof t3^^^^^^^ ""^'"^ °^ 9^^" 

form under the conventional growing indiK,^ '^"'""^ '^^^ '""P'^"^ °^ ^^^tal are not uni- 

.Kr the Sttr5VsTngr:;S^^^^^^^^^^ '^"^-^ the 

shaft Ir, an in-plane crystal aSa ^e m^e J^Z^^^Tr,' S^'^'^"*^ the direction of the pulling 

plane area are made ^o7r^ ZTreZXel^t^'' T^- """""'^ °' """^"""^^ '"'^^^^-^-^ '"t° 'he in 
increased, ar,d hence the R^sTjam^nte^^^'^Tr:'''^: 'T' ^'''^^ '"^'^^^ ^" be 

the outer region of R-OSF can ^so S ex^a,^L i^^^^^^ '^^""^^'^ fonned closely in 

uniform so that the vacanc^^onSntS ^nae wit^n whi^^ '^^^ '"-P'-"« 

regions free of grown-in de^e^s such asTa^e? .r^^^^^^^^^ T .^"."'^^'^ ^^""^^ doing so. 

device characteristics are JSndeS into S whoTeTn o^^^^^^ '^'"^'^^ '^^^t '^-terio^te 

in device characteristics can Se obtaiS °' ^''^ ^^'^''^ high-quality wafers excellent 

iSefor^llf^l-oTpl^^^^^^^ ntXfa^?„^1h""""T."'r ^'^^-^ ^' 

appeanng in these crystals and the quality characteristics of these crystals were examined as 



25 Examples 1 to 4 
1-1. Example 1 
[0036] 



30 



TLibi^is cts:dtr6oTo^^^ T'-, ^^^^"'^'"^ ^'^'^^-^ 1- 

further added as a p-type dopant so as to obtlTn 1^ f T "^T"" ''^ P^^P^-^tion of a crystal, and bomn was 
Phere Within the chamber, the power o he^^^^^^ 

bilizing the melt within the crucible he ower end of at^ crvst.! ^ta- 
was pulled while rotating the crucible anSThe pSing shaT ' '""^""^ ^'^^'^ -V^*-' 

" -o'Lsitych^^gS 

growing rate of the crystal was graduarXrLsTwerrron^^^^^^ ^T"^ '^'^ "^^"^'"S '^^^^ ^hich the 
ventional temperature distribution rn al-Ze ar^T^a c^^^^^^^ ' ^'""'"^ '^^ "^y"*^' ^ ''^^ ^he con- 
duced into the in-Dlane area of th J" w J^i K!rr:^_lL"^^"' ""P™^«^ «° ^at the amounts of vacancies intro- 



duced into the in^plane area of the crystal become uniform 
40 [0038] ' ■ 



45 



50 



was pulled by a PreLtermTned ?en Jh und^Sl 2 ^'^P' ""^ ^'"^'^ «=^«t«' 

the pulling rate at the initial stage. When"he sZe crZZ Z. n^? nf . °T T ""'^ ""^ ^''^^ '"^'^^^'"3 

ually slowed down, and the forms of R OSF JnH ! h !. ? ^ ° ^ '^"^'^ 'he PuHing rate was grad- 

region of R-OSF were examS "'""^"'^ "^P^ formed In the fnner 

Sefingthltr^g-SJpTc^^r^^^ 

by type, and thereafter tLing X-^yC^raphf^^^^^^^^^ It 900»C to thereby render visible its defective regions 

than those of the conventional c^ial^l J^l*^™^ °' ^"'^ ^^""'^^^ were much wider 

mm on one side, the R-OSF Jh :::: ::: "llT^'l^^"'" °' '^'^'^"'^^'y fo^-^ed in the in-plane area was 30 

found at a site. That k th.r. ~Z T::.'^^'" ^ °' ^° ^"'h a total width of 80 mm on both sides 



In-plan, R.OSF posiUoo F° ,tter t'.ToS Iw ^f "^t i, J"* "~ '^«' '» "^"^ *• 
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plane R-OSF position was r = 2/3R , while no FPD were observed when the R-OSF position was changed to r = 1/3R . 
Therefore, by controlling the width and in-plane position of R-OSF while adjusting the growing conditions, one can grow 
crystals in the in-plane area of which grown-in defects such as laser scattering tomography defects (FPD) and disloca- 
tion clusters are not observed. 

5 [0041 ] FIG. 8 shows the results of exanninations made as to time-zero dielectric breakdown (TZDB) of wafers proc- 
essed from the single crystal that was produced in accordance with Example 1. That is, FIG. 8 shows an average per- 
cent nondefective at every R-OSF position that was varied from the center to the outer edge with the R-OSF width being 
30 mm. It can be said from FIG. 8 that the percent nondefective in terms of TZDB in thejn-plane crystal area was 95% 
or more in the case where the thickness of an oxide film was 25 nm, the applied voltage was 8 MA/, the R-OSF position 

10 was r = 1/3R , and the FPD density was very small. 

1-2. Example 2 

[0042] In Example 2, a 6"-diameter crystal was grown at such a pulling rate that the in-plane R-OSF position is 
15 r = 1/3R , and how R-OSF, a denuded zone, and the FPD density change in accordance with the growing conditions 
was examined. To do so, the crystal was grown in the same hot zone as in Example 1 so that the amounts of vacancies 
introduced into an in-plane area of the crystal become uniform. 

[0043] After stabilizing the melt within the crucible under the same conditions as in Example 1 , the power of the 
heater was adjusted when the single crystal growing process shifted to the body-growing step via the seed-constricting 
20 step and the shoulder-forming step, and the single crystal was pulled by a predetermined length under such a condition 
that the pulling rate is high at the initial stage and thus R-OSF occurs around the outer edge. When pulled to a length 
of 100 mm, the single crystal was then grown at such a pulling rate that the in-plane R-OSF position is r = 1/3R . and 
the behaviors of R-OSF, the denuded zone, and the FPD formed in the inner region of R-OSF were examined at differ- 
ent sites of the crystal. 

25 [0044] The form of R-OSF and how grown-in defects occur were examined by applying Cu onto a wafer processed 
from the as-grown crystal that was grown in accordance with Example 2, heat-treating it at 900°C to thereby render vis- 
ible its defective regions by type, and thereafter taking X-ray topographic pictures. It was verified that the generated R- 
OSF had a width of 30 mm and its Inside diameter was r = 1/3R . It is understood from this that the widths of R-OSF 
and the denuded zone were greatly expanded compared with the conventional crystal. 

30 [0045] FIG. 9 shows the FPD distribution density In the as-grown crystal that was grown in accordance with Exam- 
ple 2. Note that Secco etching was effected to observe the in-plane R-OSF position. Further, the R-OSF width was con- 
trolled to 30 mm, which was on the order of 39% of the radius of the crystal. When the in-plane R-OSF position was 
r = 1/3R , no FPD were observed at all, nor were dislocation clusters observed, either. 

35 1-3. Examples 

[0046] An 8"-diameter single crystal was produced using the single crystal producing apparatus shown in FIG. 1. 
The crucible was charged with 120 kg of polysilicon that is a raw material for the preparation of a crystal, and boron was 
further added as a p-type dopant so as to obtain an electrical resistivity of 10 Q cm. After achieving a 10-torr Ar atmos- 
40 phere within the chamber, the power of the heater was adjusted so as to melt all the raw material for the crystal. After 
stabilizing the melt within the crucible, the lower end of a seed crystal was immersed into the melt, and the single crystal 
was pulled while rotating the crucible and the pulling shaft. 

[0047] First of all, growing condition changing tests in which the pulling rate was gradually decreased were con- 
ducted in order to examine how the widths of R-OSF and a denuded zone change, or how the FPD density changes in 

45 accordance with the growing conditions similarly to Example 1 . 

[0048] To carry out these tests, the power of the heater was adjusted when the single crystal growing process 
shifted to the body-growing step via the seed-constricting step and the shoulder-forming step, and the single crystal 
was pulled by a predetermined length under such a condition that the pulling rate is high at the initial stage and thus R- 
OSF occurs around the outer edge. When the single crystal was pulled to a length of 100 mm, the pulling rate was grad- 

50 ually decreased, and the forms of R-OSF and the denuded zone, as well as the behavior of FPD formed In the inner 
region of R-OSF were examined. 

[0049] The forms of R-OSF and the denuded zone were examined by splitting the as-grown crystal that was grown 
in accordance with Example 3 lengthwise, coating the split crystal with Cu, heat-treating it at 900°C to thereby render 
visible its defective regions by type, and thereafter taking X-ray topographic pictures. The results were similar to those 
55 of Example 1 described previously, and the widths of R-OSF and the denuded zone were greatly expanded compared 
with the conventional crystal. The R-OSF width was as wide as 40 mm on one side, totaling 80 mm on both sides. That 
is, nearly half (39%) of the radius of the 8"-diameter crystal corresponded to the R-OSF region. 

[0050] FIG. 10 shows the relationship between the in-plane R-OSF position and the FPD distribution density in the 
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as-grown crystal that was grown in accordance with Examoie Mnt^ th=.t q=o^„ , ^■ 

in-plane R-OSF position Further the R O^F Lh h "^""P . Secco etching was effected to observe the 

radius Of the crystal/^ is unSood froS FIG ^th^FPn k '° °" "^'^^ ^go/. of the 

R-OSF position was r - 2/5R , ^Te".TpoZl"^:^^^^^^ -^^'^^ '^^^ 

and in-plane position of R-OSF while adjusting the qrowhw ^ndmon. ^ Therefore, by controlling the width 

Which laser scattering tomography defects (FPD) 2e or3r u .? ^ ^^y^'^' '^^ '""P'^"^ ^^^^ °f 

andgrown-indefectsUldislocaS^^^^^ 

luoai j HG. 1 1 shows the results of examinations m«rt^ =.= t« 

processed from the single crystal that was produced in aca^rda^'ceViirEramrriha^^ '^^^ °' 

percent nondefective at every R-OSF oosition that ««= ,«ri=H * Vu ^'"P'® '^"3' 'S- "^'G- 1 1 shows an average 
being 40 mm. It can be said from FIG n Sat the TZT ^TT ^ '° ^'^^ R-OSF width 

was 950/0 or more in the case whe^he hfcknlss JTLTn °' '"'P'^"^ ^'^^ 

OSF position was r = 1/3R . and ^e I^PD dens^^^^^^^^ "'"^ ^PP"-* 8 M/V. the R- 



15 1-4. Example 4 



20 



25 



30 



35 



40 



r=vU . 1'™f^ a dlr^;^^^ P-«- - - -P'ane R-OSF position Is 

was examined. To do so. the crystal was o"own^,rA^!,° tT ^ the growing conditions 

introduced into an in-plane area ofthTcryrbeco^e u^^^^^ ''^^"'"^ ' '^^^ ^"'-"^^ 

S wastd^^dlt^reTn^L:^^^^^^^ ""'^^ T ^ ''""^'"-^ ^ ^^-P'^ 3. the power of the 

step and the sLider-form ng S and fl^^sinateTr^^f'' V. k ='-P ^'^ seed-constricting 

that the pulling rate is high at' JeTni'a'^^^^^^^^^ Z r "^^.T" ' P^j^f'--'^ '""^'^ """^^^ ^"'^^ ^ «'"^«- 
of 1 00 mm. the single crystal was hen pSled a^sLh a rl thrt 1 ' f °" o ''^ ^''^^ P""^'^ '° ^ '«"9th 

grew to a length of 1 000 mm Thereafter the behl^^^^^^^^^ P°^'"°" ^ = the crystal 

region of R-OSF were examined a7d?ff«^^^^^^^^^^ JylS ' """'"^ ^""^ 

900X to thereby render visibleir^tS r.S K f ^^^""^"^ Example 4, heat-treating It at 

to Example 3 described p'e^J^usTylt rur^^^^^^ ^"^^^ '^P'^-P^''^ P-'"-- Simibrly 

^mpared^th the conventional 

trolled to 40 mm, which was on the oS orss^^Tth!^^^^^^ '^^ '^"O^'^ ^^^'^^ 

r = 1/3R . neither FPD nor dislocatru^l'lt?^^^^^^^^^^^ '''''''' ^""P'^^ «-°S^ P-«or. was 

Lth if R-o1f ::c:X in i^s^ZTarercr^^^^^^^ T'''''^ '^^^'^l '^'^ -ntion. the 

tering tomography defect and distocatoTclusteTin 'Th'^^ °' 

lent in device characteristics can be rZlSrin oH^ln ^IP^"^^'^- therefore, a semiconducting material excel- 
by achieving a uniform concen^atS^ oC^ofd^f^f "^^^^^^ 11""' 7'*'' '""''"^ *° ^'^ 9™-" 
a large diameter and a long size can be^rJdu^rand^Ss^S nr^ . f ^'^^ °' "'"^'^ ^^^^'^'^ ^ 

ciency improved. produced, and thus the production cost can be reduced and the growing effi- 



45 2. Second High-Quality Silicon Single Crystal 



Z2 in tLe :rraTa 'S^ZT^.lT T^'' 1?""'°'^ ^'^^'"'"^^ '-^-'^ °^ ^-^^^^ that 
Changing the pulli:,g rate in the r^of ^ Ing Se^ ^grcS'^ °^ ^^'^'^ ""'^'^ '^^-^^^ 



" if grlng l^gl J l^.^stoSl^l?^^^^ "'^^^ "^^-^^ course 

that the initial pllling'rate Is 0.7 mTmi: ad R-OSF oTcu at T-.l^ZV^Tf '"^h"" ^"'^^ ' 

mm by increasing the pulling rate to 1 2 mm/mh^ and thlrlftZr h ' ^ ""^^ ^'""^ *° ^ '^"9'^' °^ ^50 
pulling rate the crystal A was grown until ttlTJubrectS r^Tir ""T? '"'^ ''°PP"' '° ^^ich 
[0059] On the other hand a^staiR 1^ a «a" constncting step at a length of 850 mm. 

rate Is 0.7 mmSnlS S Sf o^uS a.T- ?/2R "IL' '^"^ ^"^ - -n<^'«on that the initial pulling 

the pulling rate to 0.2 mm/mfn and therLft'er o-in 'T '° " '^"^^^ °^ '""^ *0PPin9 

crystalB«.s grown until it wa;S'rdr^^ 
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[0060] FIG. 14 shows the heat histories of the crystals A and B in which the pulling rates were changed in the 
course of their growth. As is apparent from FIG. 14, a site of the crystal A that is located at a position equal to or smaller 
than a crystal length of 500 mm (the position corresponding to a single crystal length of 350 mm in FIG. 14) is rapidly 
cooled compared with a crystal that was grown at a constant pulling rate of 0.7 mm/min while such crystal site stays in 
5 a predetermined temperature range {980-900°C in FIG. 14). In contrast, a site of the crystal B that is located at a posi- 
tion equal to or smaller than 500 mm is slowly cooled compared with the crystal that was grown at a constant pulling 
rate of 0.7 mm/min while such crystal site stays in the predetermined temperature range. 

[0061] In the above-described examinations of the heat histories, examinations were further made as to the behav- 
iors of R-OSF corresponding to the cases where the crystal sites were cooled at a constant rate, rapidly and slowly by 

10 selecting a high temperature range (1100''C-1000°C) and an intermediate temperature range {980°C-900°C) as the 
predetermined temperature ranges of the crystals A and B. As a result, R-OSF did occur at certain widths in the in- 
plane sites of both crystals that were cooled at the constant rate, respectively. In contrast, the site of the crystal A that 
was rapidly cooled while staying in the high temperature range (1100°C-1000°C) had R-OSF formed whose width was 
wider than the R-OSF formed in the sites that were cooled at the constant rate, but the site of the crystal A that was 

15 rapidly cooled while staying in the intermediate temperature range (980°C-900°C) exhibited no R-OSF. 

[0062] On the other hand, the site of the crystal B that was slowly cooled while staying in the high temperature 
range (11 00*^0-1 000*^0) exhibited no R-OSF, but its site that was slowly cooled while staying in the intermediate tem- 
perature range {980°C-900°C) had R-OSF formed whose width was wider than the R-OSF formed in the sites that were 
cooled at the constant rate. Therefore, the R-OSF width fluctuated with different heat histories of the crystals in the high 

20 and intermediate temperature ranges, and the R-OSF behavior in the crystal A was completely opposite to that in the 
crystal B in terms of width. 

[0063] While no clear theory has been established with respect to the above-described behavior, such behavior 
Indicates that the width across which R-OSF occurs in the in-plane area of a wafer depends on the heat histories of a 
single crystal in the high and intermediate temperature ranges. Further, as single crystals tend to contain less oxygen, 

25 R-OSF may not appear conspicuously in some cases, as has been described earlier. 

[0064] Moreover, to produce a high-quality silicon single crystal excellent in device characteristics, it is important 
that a uniform concentration of point defects introduced into an in-plane area of a crystal during CZ method-based 
growth Is achieved in such in-plane area. Thus, as previously described, to prc>duce the first high-quality silicon single 
crystal, temperature gradients in the direction of the pulling shaft are made uniform by improving the growing conditions, 

30 and the amounts of vacancies introduced into the in-plane area of the crystal are hence made uniform, whereby the R- 
OSF width is widened. However, differences in heat history during growth cause the R-OSF width to fluctuate. For 
example, in the case where the crystal site that stays in the high temperature range (1100°C-1000''C) during growth is 
slowly cooled, the R-OSF width becomes very narrow. On the other hand, in the case where the crystal site that stays 
in the intermediate temperature range (980°C-900°C) during growth is rapidly cooled, the R-OSF width sometimes 

35 becomes very narrow, too. 

[0065] If this is true, it may not be enough, in some cases, to control the growing conditions only in terms of the 
width across which R-OSF occur in the in-plane area of a crystal as in the first high-quality silicon single crystal. To over- 
come this situation, It Is necessary to propose the second high-quality silicon single crystal so that a high-quality wafer 
having satisfactory device characteristics can be produced by expanding regions free of grown-in defects such as laser 

40 scattering tomography defects and dislocation clusters which deteriorate device characteristics into the whole in-plane 
area of the crystal independently of the width of R-OSF occurring in the in-plane crystal area of the wafer. 
[0066] The second high-quality silicon single crystal of this invention has been invented on the basis of the above- 
described viewpoint. It is a silicon single crystal grown by CZ method, and Includes a silicon single crystal in which any 
of "the outside diameter of a region where R-OSF occurs," "the inside diameter of an oxygen precipitation-promoting 

45 region," and "the outside diameter of a ring-like region where the amount of oxygen precipitates is small" is in a range 
of 0-80% of the diameter of the grown crystal. 

[0067] In the second high-quality silicon single crystal, the reason why "the outside diameter of a region where R- 
OSF occurs" or "the inside diameter of an oxygen precipitation-promoting region" Is used as a reference of the R-OSF 
position is as follows. Since the width across which R-OSF occurs In the In-plane area of a wafer depends on the heat 
50 histories of a single crystal when the crystal stays In the high and intermediate temperature ranges, the R-OSF position 
is controlled by getting rid of these factors. Further, the reason why "the outside diameter of a ring-like region where the 
amount of oxygen precipitates is small" is used as a reference is because considerations are given to cases where R- 
OSF may not appear conspicuously as single crystals tend to contain less oxygen. 

[0068] Furthermore, the reason why the R-OSF position is limited within the range of 0-80% of the diameter of the 
55 grown crystal is because within such a range, grown-ln defects can be reduced to an extremely small level or elimi- 
nated. 

[0069] To evaluate the quality of the second high-quality silicon single crystal, single crystals were produced in two 
different diameters, 6" and 8". and the forms of R-OSF appearing on these crystals and the quality characteristics of 
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XXon :^L:,;Sa.lfe^^^^^ ' '° ^^^""^ ^" '^^^ --Pa^- ^'th .He first high- 
2-1. Example 5 

runner aflded as a p-type dopant so as to obtain an «l«.tri.=.. r.ci;;- ..T; IV .T^^:!.^"::""" ^"^ ^a^ 

within the chamber the power of the hpater ohs.. ♦ T ' " a^nieving an Ar atmosphere 

lizing the me.t within the ^6^0 he l^e^nTof a^^^^^^^^^ '° ^y^'^'- A«er stabi- 

pulled while rotating the crucible and trpX IhafT ^ ' '"'^ ^"^ "'^ ^0^'^' 

KLsity cS^^^^^^^^^^ and a denuded zone change, or how the 

ature range of 1 1 So-C-I OOOorcXfe^^rthe lnv^^^^^ " """" "'"^'"9 '^"^P^^- 

tests were conducted by improv'XconrntLani™^ ^° ''"'""^ <=hanging 

amounts of vacancies introduced into the in ntrnr^Xi^'^^ ^ ^" '"-P'a"^ crystal area so that the 

hot zone Where the crystal ca^l^ sS.^^ S^d iTitltX^ i^^^^^^^^ f^r^. sr., by growing the single crystal In a 
[0072] Examinations were made as L^t^^o rS^^^^^^^ temperature range, 

ance with Example 5 lengthwise coatina th7J^r.?v=t V^C^'^y ^P''"'"g ^^-g^o^"! crystal that was grown in accord- 
defective regions by type lnrhereaftrr taWno X r^^^^^ " k '"^'-"-^^"""g « to thereby render visible Its 
R-OSF Width and .he denuded 're^erl^^^^^^^^^^ — «-al crystal, the 
about 6 mm depending on the single cStnXEln l^^^^^^^ 

region of R-OSF similarly exDanded anriThnt nri!. r ^'^ '^e m-plane crystal area, the outer 

into the in-Plane crySr^no S^^^^^^^^^^^^ 

can suppress the formation of grown-in d^ctrbv 00^0 1 T T" ""^'^ 
OSF is located without dependfng on the tosF wi^h " " 

in-plane R-OSF position w^ r = ^3R Se" J^^^^^^^^ 

r = 1/3R . n was r 2/3R . while no FPD were observed when the R-OSF position was changed to 

tSgle c'^t^af^^^^^^^^^ '^-f clo^ (TZDB, of ««fers processed from 

Spedfically, an average percent nondieSrteZ^^f 1^7 r^nl^ °^ ' ^^^^"'^'^ P^^^'^^^'V- 

95% or more in the case whe^ ^ t^ Se« ofln n o^.^ ^* '''^ ^''^^^ were present was 

position was r =1/3R . and the'^D dens^^f vT^ ^''^"^^ ^^"^^^ « ^'^^ ""OSF 

2-2. Example 6 

[0075] In Example 6, examinations were made as to how the widths of r^qc 

region, or a denuded zone chanae in arrorH«n,«l»K »k widths of R-OSF, the oxygen precipitation-promoting 

was grown at such a gro^ng rate LtThe R oIf J^s^^oT'"^ '""'^'"""^ ^^^^ ""^^^^ ^" ^■-^i^'^eter crystal 
almost constant during' the bCfoS^step^ a hSne o^^^^^^^^ ' "^"'"'""'"^ ^"^^ ^ S^^^'^S 

perature distribution Jthin the crysS te1moro^^^d solh^^ th ^ T"^, ""'"^'^ ^^^'^ "^^ conventional in-plane tem- 
in Which the conventional grolS^tndiZs "^^^o^^^ °' 'T?'"'^'^ "^"^ ^^'"'^^^ 

perature range of 1 100°C 1000°? "'""""^ ^=^^"9^^ =° the crystal is slowly cooled while staying in the tem- 

S ^ssl^,:.:^^':^:^^^^^^^ ^ same conditions as in Example 5, the power of the 

R-OSF at different sites of the crystal """^ ^"'^ ^ ^"^^ tf'® 

inner region of 

s^rom?hr^gro^■s:^^^^^^^^^^ r^--:-'"'"^^ '^^'^^^"-^ ^ p- 

render visible its defectiv^ re^ns Jy^e anX^^^^^ f^^ ""'h'' '^'""^""^ ' '° '^^^^ 

OSF width was narrower but the oxyqen orecioitttfnn n^^^^^ X-ray topographic pictures. It was found out that the R- 
compared with the conventional c^^at F^irthlr f ^^ ? ? °' was greatly expanded, 

dislciation clusters occunrT ^ '* "^^'"^ """^ "'OSF region move^ inward, no 
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[0078] The FPD distribution density in the as-grown crystal that was grown in accordance with Example 6 was sim- 
ilar to that of FIG. 9 described previously. Neither FPD nor dislocation clusters were observed when the R-OSF position 
was r = 1/3R 

[0079] FIG. 15 shows the results of examinations made as to time-zero dielectric breakdown (TZDB) of the wafers 
5 processed from the single crystal that was produced in accordance with Example 6. The percent nondefective in terms 
of TZDB in the in-plane crystal area was 95% or more in the case where the thickness of an oxide film was 25 nm, the 
applied voltage was 8 IWV. the R-OSF position was r = 1/3R and the FPD density was very small. 

2-3. Example 7 

10 

[0080] An 8"-diameter single crystal was produced using the single crystal producing apparatus shown in FIG. 1. 
The crucible was charged with 120 kg of polysiiicon that is a raw material for the preparation of a crystal, and boron was 
further added as a p-type dopant so as to obtain an electrical resistivity of 10 H cm. After achieving an Ar atmosphere 
within the chamber, the power of the heater was adjusted so as to melt all the raw material for the crystal. After stabi- 
15 lizing the melt within the crucible, the lower end of a seed crystal was immersed into the melt, and the single crystal was 
pulled while rotating the crucible and the pulling shaft. 

[0081] In Example 7, it is an object to examine how the widths of R-OSF and a denuded zone change, or how the 
FPD density changes in the case where the conventional growing conditions are changed so that a crystal is rapidly 
cooled while staying In the temperature range of 980''C-900°C. To do so, pulling rate changing tests were conducted by 
20 Improving the conventional temperature distribution in an in-plane crystal area so that the amounts of vacancies intro- 
duced into the in-plane crystal area become uniform, and by growing the single crystal in a hot zone where the crystal 
can be rapidly cooled while staying in a predetermined temperature range. 

[0082] The form of R-OSF was examined by splitting the as-grown crystal that was grown in accordance with Exam- 
ple 7 lengthwise, coating the split crystal with Cu, heat-treating it at 900°C to thereby render visible its defective regions 

25 by type, and thereafter taking X-ray topographic pictures. Compared with the conventional crystal, the R-OSF width and 
the denuded zone were greatly expanded. The R-OSF width fluctuated from a maximum of 40 mm to about 4 mm 
depending on the single crystal length. Even if R-OSF did occur in the In-plane crystal area, the outer region of R-OSF 
similarly expanded, and thus no dislocation clusters occurred. Further, even when R-OSF disappeared into the in-plane 
crystal area, no dislocation clusters occurred. That is, the silicon single crystal wafer of this invention can expand 

30 regions where no grown-in defects are observed into the in-plane crystal area by controlling where the outside diameter 
or the inside diameter of R-OSF is located. 

[0083] The relationship between the In-plane R-OSF position and the FPD distribution density in the as-grown crys- 
tal that was grown in accordance with Example 7 was similar to that shown In FIG. 10 described previously. That is, it 
is understood that FPD were observed around the center of the crystal when thiB R-OSF position was r = 2/5R , and no 
35 FPD were observed when r = 1/3R or less. Therefore, by controlling the in-plane position of the outside diameter or the 
inside diameter of R-OSF while adjusting the growing conditions, one can grow a crystal in the in-plane area of which 
laser scattering tomography defects (FPD) are present at a markedly smaller density or not observed, and grown-in 
defects such as dislocation clusters are not observed. 

[0084] When examinations were made as to time-zero dielectric breakdown (TZDB) of the wafers processed from 
40 the single crystal that was produced in accordance with Example 7, their results were similar to those of FIG. 15 
described previously. The percent nondefective in terms of TZDB in the in-plane crystal area was 95% or more in the 
case where the thickness of an oxide film was 25 nm, the applied voltage was 8 M/V. the R-OSF position was r = 1/3R , 
and the FPD density was very small, 

45 2-4. Example 8 

[0085] In Example 8, examinations were made as to how R-OSF and a denuded zone change and how the FPD 
density changes in accordance with the growing conditions by growing an 8"-diameter single crystal at such a pulling 
rate that the in-plane R-OSF position Is r = 1/3R . To do so, the crystal was grown In a hot zone of the growing furnace 
50 where the conventional in-plane temperature distribution within the crystal is Improved so that the amounts of Intro- 
duced point defects become uniform and in which the conventional growing conditions are changed so that the crystal 
is rapidly cooled while staying in the temperature range of 980''C-900°C. 

[0086] After stabilizing the melt within the crucible under the same conditions as in Example 7, the power of the 
heater was adjusted when the single crystal growing process shifted to the body-growing step via the seed-constricting 
55 step and the shoulder-forming step, and the single crystal was pulled by a predetermined length under such a condition 
that the pulling rate is high at the initial stage and thus R-OSF occurs around the outer edge. When pulled to a length 
of 100 mm, the single crystal was grown to a length of 1000 mm at such a pulling rate that the in-plane R-OSF position 
is r = 1/3R , and examinations were then made as to the behaviors of R-OSF, the denuded zone, and the FPD formed 
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in the inner region of R-OSF at different sites of the crystal. 

n?l^l t . ^ r!!^?cl'nf ^^^"^ ^^y^*^' *hat was grown In accordance with Example 8 was coated with 

[0088] The FPD distribution density in the as-grown crystal that w;,s nrnwn in .rrr^m^r..^ =. „ ... . 

nar ,o ma. OT hIG. 12 described previously. When the R-OSF no^itinn r= inc^^.r-.n;; .r.' ^.7'"^"= 
USh and no dislocation clusters were observed oiif<;iri« R occ tk""' *^""'u \' " ^ ""servea inside K- 
obtain a crystal in the in-plane JeTo^^^^t^nZf^ f^- ^ ^•^'"^""9 '^"^ 9~**ng conditions, one can 

location Clusters are ex^Sy small ''""^""^ ^-^ography defects (FPD. COP) and dis- 

r r — (TZDB) o^ the wa^rs processed from 

That Is, the percent nondefective in terms of T^^^^ T *° *" ^''^'"P'^ 7- 

3. Third High-Quality Silicon Single Crystal and Method of Producing the Same 

location clusters usually exist wh^n r ~ 1/9R r^r i^c^ o . *u . '-'^'^ posiiion is r - z/3R , and dis- 

or l^c^^ tho H^^.r J . " ^^y- when the inner region of R-OSF narrows as r - 1/9R 

introduced into an!n-plane area of thf r-S^JS h concentrations of vacancies and interstitial silicon (Si) atoms 

[0094] That finSno ou tL?i« ^» ^"'^ ""'^"'"^ '"^ '"-P'^"« -""ch as poss ble. 

inn°f .! • '^"'^ high-quality silicon single crystal of this invention has been accomplished on the basis of surh finH 

000 c"f<; 7 Kr^""^^^ "^^t' ""'"^ ^"^'^ " -vsta. stays in a emperatuTe r^^^^^^^^^^^ 

i SsF-ThI in H J "^7 P""^ ''^ ^ ^"'^ characterized in that any o7"the outsird^ameter of 

te;°of aVing i "e e^^^^^^^^^ 
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of R-OSF" is used as a reference is because where its outside diameter is located remains unchanged even If the R- 
OSF width changes In dependence on the heat history. The reason why "the inside diameter or the outside diameter of 
an oxygen precipitation-promoting region" is used as a reference Is because considerations are given for cases where 
the inside diameter of the oxygen precipitation promoting region cannot be used as a reference due to the fact that the 
5 inside diameter of the oxygen precipitation promoting region has disappeared into the in-plane crystal area. Further, the 
reason why "the outside diameter of a ring-like region where the amount of oxygen precipitates is small" is used as a 
reference is because considerations are given for cases where R-OSF may not appear conspicuously as single crystals 
tend to contain less oxygen. 

[0097] Furthermore, the reason why the R-OSF position is limited within the range of 0-60% of the diameter of the 

10 grown crystal is because within such a range, grown-in defects can be reduced to an extremely small level or elimi- 
nated. Usually the growing rate is controlled so that R-OSF is located at a predetermined position with respect to the 
diameter of the crystal. To effect proper growing rate control, growing rate changing tests are conducted in accordance 
with a predetermined single crystal producing apparatus and growing conditions so that the relationship tjetween the 
growing rate and the R-OSF position corresponding to FIG. 2 described previously can be grasped in advance. 

15 [0098] In the third high-quality silicon single crystal, it is required that the heat history of the crystal while the crystal 
stays in the temperature range of 1250°C-1000''C be controlled during growth based on the CZ method so that concen- 
trations of vacancies and interstitial silicon (Si) atoms introduced Into an In-plane crystal area become as uniform as 
possible over the whole in-plane area. At that time, the temperature distribution of the single crystal being grown influ- 
ences the concentration of vacancies introduced into the in-plane crystal area. 

20 [0099] FIG. 1 6 illustrates the temperature distribution of a single crystal being grown and the behavior of vacancies 
resulting from such temperature distribution, FIG. 16 (a) shows how a single crystal is being grown in the case where 
temperature gradients in the axial direction are large, and FIG. 16 (b) how a single crystal is being grown in the case 
where the same temperature gradients are small. In the single crystal shown in (a) has large temperature gradients in 
the axial direction, and thus temperature drops are larger toward the outer edge of the crystal, and isotherms on the 

25 single crystal exhibit larger temperature gradients toward the outer edge. In contrast, the single crystal shown in (b) has 
small temperature gradients in the axial direction, and thus temperature gradients in the axial direction are small at the 
outer edge of the crystal with isotherms being either flat ideally, or convex toward the melt (hereinafter referred to simply 
as "downwardly convex"). 

[0100] Under large temperature gradients as shown in FIG. 16 (a), vacancies that are introduced into the in-plane 
30 crystal area disappear in large amounts due to up-hil diffusion In which an axial diffusion of vacancies occur toward the 
solid-melt interface, and thus the concentration of vacancies held in the in-plane crystal area become small. In this 
case, concentrations of vacancies that are introduced into the in-plane crystal area are not the same due to the fact that 
temF>erature gradients in the axial direction differ In the radial direction. Thus, vacancy concentrations are lower toward 
the outer edge where there are marked temperature drops. On the other hand, under small temperature gradients as 
35 shown in FIG. 16 (b), vacancy concentrations In the in-plane crystal area become uniform, and their concentration dis- 
tribution in the radial direction is also stabilized. 

[0101] FIG. 17 shows how the concentration distributions of vacancies and interstitial Si atoms in an in-plane area 
of a single crystal change near the solid-melt interface and in the range of the melting point to 1250''C during single 
crystal growth. FIG. 17 (a) shows the concentration distributions near the solid-melt interface; and FIGS. 17 (b) and (c) 

40 show how the concentration distributions change in the temperature range of the melting point to 1250'*C. In each draw- 
ing, the vacancy concentration is indicated by Cy and the interstitial Si atom concentration by C,. 
[0102] As shown in FIG. 17 (a), first, vacancies and interstitial Si atoms are introduced into an in-plane crystal area 
near the interface between solid and melt. In this case, both vacancies and interstitial Si atoms are introduced at ther- 
mal equilibrium concentrations at the solid-melt interface. Since the thermal equilibrium concentration of vacancies 

45 exceeds that of interstitial Si atoms, the vacancy concentration exceeds the interstitial Si atom concentration. 

[0103] Next, when the temperature of the single crystal being grown is In the range of the melting point to 1250°C, 
the up-hil diffusion of vacancies in the axial direction and their concentration gradient diffusion in the radial direction are 
promoted, as shown in FIG. 17 (b), because the diffusion coefficient of vacancies exceeds that of interstitial Si atoms. 
Further, vacancies diffuse more markedly in both axial and radial directions with decreasing growing rate. As a result, 

so concentrations of vacancies in the In-plane crystal area are decreased due to their disappearance caused by their axial 
up-hil diffusion toward the solid-melt interface, and their concentrations are further decreased at the outer edge of the 
crystal by their concentration gradient diffusion in the radial direction. On the other hand, interstitial Si atoms remain in 
the in-plane crystal area and their concentrations do not drop so much at the outer edge of the crystal in the tempera- 
ture range of the melting point to 1250°C because their diffusion coefficient is smaller than the diffusion coefficient of 

55 vacancies and thus their axial up-hil diffusion occurs only to a small degree in such temperature range. 

[01 04] Therefore, when the growing rate is kept low, the vacancy concentration exceeds the interstitial Si atom con- 
centration in the inner side of the crystal, and the latter may exceed the former at the outer edge of the crystal in some 
cases as shown in FIG. 17 (c). From the previously described presumption that dislocation clusters would be an 
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agglomerate of excessive interstitial Si atoms, drawn is a conclusion that distocation clusters are formed in the outer 
edge region of the crystal where the interstitial Si atom concentralion exceeds the vacancy concentration as described 
above as the crystal is gradually cooled (about 1000°C). 

[01 05] Further, when the single crystal temperature is in the range of 1 250°C-1 OOCC, particularly near 1 250°C as 
the growing process proceeds, the diffusion coefficient of interstitial Si atoms exceeds that of vacancies. Thus, by allow- 
ing the crystal to stay in this temperature range for a prolonged period, concentration gradient diffusion of interstitial Si 
atoms can be promoted at the outer edge of the crystal. Therefore, even if the Interstitial Si atom concentration exceeds 
the vdi^. oui .ueniration at the outer eage ot the crystal as shown in FIG. 1 7 (c) described above if the sinole crvstal 
IS siowiy cooiea wniie it stays in the temperature range of 1250=C-1000°C, diffusion of interstitial Si atoms in'the radial 
direction can be encouraged to thereby decrease their concentrations, and thus the region where interstitial Si atoms 
are excessively present can be reduced. As a result, the formation of dislocation clusters in the outer edge region of the 
crystal can be suppressed. ^ cyiuuuime 

™l Jll^V^''^ high-quality silicon single crystal, it is required that the crystal stay in the temperature range of 
1250 C-1000 C for 7 hours or more while it is being pulled. In Example 9, which will be described later at a site of a 
crystal that is slowly cooled under such a condition the crystal stays in the target high temperature range for 8 hours 
the formation of dislocation clusters is suppressed, and a denuded zone outside R-OSF is greatly expanded Further' 
It has been venfied from the results of various tests that the formation of dislocation clusters is eliminated by causinq 
the crystal to stay in the temperature range of 1250°C-1000°C for 7 hours or more. 

[01 07] It Is as described earlier that in an in-plane crystal area of a wafer, laser scattering tomography defects occur 
in the region where the vacancy concentration exceeds the interstitial Si atom concentration and that dislocation clus- 
ters occur in the region where the interstitial Si atom concentration exceeds the vacancy concentration By the way In 
an in-plane crystal region where differences between the vacancy concentration and the interstitial Si atom concentra- 
tion are small, both types of point defects are re-combined and disappear, so that grown-in defects are no longer formed 
in such crystal in-plane region. In order to form such a region where differences between the vacancy concentration and 
the interstitial Si atom concentration are small, it is required that concentrations of vacancies introduced into the in- 
plane crystal area be not only uniform but also approximated to the concentration distribution of interstitial Si atoms 
[01 08] To achieve the above-described concentration distribution, it is required that the temperature gradient in the 
axial direction be small at the outer edge by mailing the isotherms of a single crystal flat or downwardly convex while 
the crystal stays in the temperature range of the solidifying interface temperature (melting point) to 1250°C as shovm 
in FIG. 16 (b) described previously. As a result of this arrangement, the concentration distribution of vacancies held in 
the in-plane crystal area becomes uniform in the whole in-plane area due to their up-hil diffusion occumng in this tem- 
perature range. On the other hand, axial up-hil diffusion of interstitial Si atoms occurs only to a small degree and their 
concentrations do not drop so much at the outer edge because their diffusion coefficient is smaller than the diffusion 
coefficient of vacancies in the temperature range of the solidifying interface temperature (melting point) to 1 250X and 
thus differences between the vacancy concentration and the interstitial Si atom concentration can be decreased Tl^ere- 
fore, in growing a silicon single crystal wafer of this invention, it is desirable to make the isotherms in the single crystal 
flat or downwardly convex in the temperature range of the solidifying interface temperature (melting point) to 1250''C 
[01 09] In the silicon single crystal wafer of this invention, the formation of dislocation clusters appearing outside R- 
OSF can be suppressed and thus regions free of grown-in defects can be expanded by improving the growing condi- 
tions as described above. As a result, regions where laser scattering tomography defects and dislocatton clusters 
which deteriorate device characteristics, occur can be driven out of the in-plane area of the wafer, and thus one can 
obtain high-quality silicon single crystal wafers that can exhibit excellent characteristics. 

[0110] To evaluate the third high-quality silicon single crystal, 8"-diameter silicon single crystals were produced 
and the form of R-OSF and how crystal defects occur were examined based on Examples 9 to 12. 

3-1. Example 9 

[0111] An 8"-diameter single crystal was produced using the single crystal producing apparatus shown in FIG 1 
The crucible was charged with 120 kg of polysilicon that is a raw material for the preparation of a crystal, and boron was 
further added as a p-type dopant so as to obtain an electrical resistivity of 10 n cm. After achieving an Ar atmosphere 
within the chamber, the power of the heater was adjusted so as to melt all the raw material for the crystal After stabi- 
lizing the melt within the crucible, the lower end of a seed crystal was immersed into the melt, and the single crystal was 
pulled while rotating the crucible and the pulling shaft. 

[0112] In Example 9. in order to examine how the behavior of dislocation clusters in their formation changes in 
accordance with the growing condittons, the crystal was grown to a body length of 500 mm at a predetermined growing 
rate under such a condition that R-OSF is located at r = 2/5R and thus dislocatton clusters are located in the outer 
region of R-OSF. When the single crystal pulling process shifted to the body^rowing step via the seed-constricting step 
and the shoulder-forming step, the single crystal was pulled by a predetennined length while adjusting the pulling rate 
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and the power of the heater so that the diameter of the crystal can be maintained. 

[0113] When the single crystal was pulled to a length of 500 mm, the crystal growing process was stopped for a 
predetermined time interval, and the crystal was slowly cooled in each of the temperature ranges during growth. There- 
after, the crystal growing process was resumed, and shifted to the tail-constricting step when the single crystal was 
5 pulled to a length of 1 000 mm. Through these process steps, how these process steps affect the behavior of dislocation 
clusters in their formation was examined. For purposes of comparison, a single crystal that was grown at a constant 
pulling rate without stoppage was also prepared as a comparative example. 

[0114] FIG. 18 schematically shows the results of observations made though X-ray topography as to the single 
crystals pulled in Example 9 after splitting the single crystals in the as-grown state lengthwise, coating the split crystals 

10 with Cu, and heat-treating them at 900°C to thereby render visible their defective regions by type. FIG. 18 (a) indicates 
the comparative example, and FIG, 18 (b) the example of the invention obtained through 8 hours of stoppage. In the 
example of the invention, it is understood that the formation of dislocation clusters was suppressed at the site that was 
slowly cooled in the temperature range of 1200°C-1050**C and that the denuded zone outside R-OSF was greatly 
expanded, compared with the comparative example. 

15 [0115] According to the examination results, the more prolonged the stoppage of the crystal growth, the wider the 
width across which the formation of dislocation clusters is suppressed, and thus the area where the denuded zone 
occupies is increased. By controlling the growing conditions In this way, the density at which dislocation clusters occur 
in the in-plane crystal area can be markedly reduced. 

20 3-2. Example 10 

[0116] In Example 10, how the width across which dislocation clusters are formed changes was examined in the 
case where an 8"-diameter crystal was grown at an almost constant pulling rate using an improved hot zone where R- 
GSF is located at r = 2/5R and the temperature of the crystal can stay in the range of 1250°C-1000°C for 10 hours. To 
25 do so, the crystal was pulled to a length of 100 mm while adjusting the pulling rate and the power of the heater so that 
the diameter of the crystal is maintained under the same conditions as in Example 9. Then, while maintaining the pulling 
rate constant, the single crystal was pulled to a length of 1000 mm, after which the process shifted to the tail-constrict- 
ing step. 

[0117] FIG. 19 schematically shows the results of observations made through X-ray topography as to the single 
30 crystal pulled in Example 10 after splitting the single crystal in the as-grown state lengthwise, coating the split crystal 
with Cu, and heat-treating it at 900'=*C to thereby render visible its defective regions by type. It is understood that dislo- 
cation clusters outside R-OSF disappeared and the denuded zone was greatly expanded, compared with the previously 
described comparative example. 

[01 18] FIG. 20 shows the results of observations made through Secco etching as to the FPD distribution density in 
35 the as-grown crystal that was grown in accordance with Example 10. In the conventional growing method in which the 
crystal is not slowly cooled while staying in the temperature range of 1250°C-1000°C, dislocation clusters usually occur 
outside R-OSR In contrast, under the growing conditions of Example 10, the crystal free of dislocation clusters in its in- 
plane area can be obtained. On the other hand, it is understood that the FPD density can be reduced in the Inner region 
of R-OSF in accordance with the growing conditions of Example 10. 
40 [01 19] FIG. 21 shows the results of measurements made through infrared scattering tomography as to the distribu- 
tion density of laser scattering tomography defects in the as-grown crystal that was grown in accordance with Example 
10. It is apparent from the results shown in FIG. 20 that the R-OSF position can be grasped by measurements through 
infrared scattering tomography. 

45 3-3. Example 11 

[0120] In Example 11, how the formation of laser scattering tomography defects, R-OSF or a denuded zone 
changes was examined in the case where an 8"-diameter crystal was grown at an almost constant pulling rate under 
such a condition that the R-OSF position is r = 1/4R , using an improved hot zone where a uniform temperature distri- 
50 bution is achieved within the crystal in the temperature range of the melting point to 1 250°C so that the amounts of intro- 
duced vacancies become uniform and In which the crystal can stay in the temperature range of 1250*'C-1000®C for 10 
hours. The crystal was pulled to a length of 100 mm while adjusting the pulling rate and the power of the heater so that 
the diameter of the crystal is maintained under the same conditions as in Example 9. Then, while maintaining the pulling 
rate constant, the single crystal was pulled to a length of 1000 mm, after which the process shifted to the tail-constrict- 



[0121] FIG. 22 schematically shows the results of observations made through X-ray topography as to the single 
crystal pulled in Example 1 1 after the single crystal was sliced in the as-grown state, coated with Cu, and heat-treated 
at gOO'^C to thereby render visible its defective regions by type. No dislocation clusters occurred and the denuded zone 
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was greatly expanded despite the fact that R-OSF did occur at r = 1/4R in the inner side of the in-plane crystal area 
Further when the R-OSF posiOon was r= 1/4R . no FPD derived from laser scattering tomography defects were 
obsen/ed even m the inner region of R-OSR Therefore, it is understood that the densities of laser scattering tomography 
^Ss dislocation clusters can be reduced in the in-plane crystal area by controlling the growing con- 

[01 22] FIG. 23 shows the results of examinations made as to time-zero dielectric breakdown (TZDB) of the wafers 
processed from the single crystal that was pulled in Example 1 1 . The percent nondefectlve in tf^rms of T7nR in .hn 
plane crystal area was 95% or more in the case where the thickness of an oxirifi film w^^ 7^ nm th« ^.^liln 
was 8 M/V, the position of R-OSF was r = 1/4R , and the FPD density was extremely small. " " """""" 

3-4. Example 12 

[0123] In Example 12, how the formation of laser scattering tomography defects. R-OSF or a denuded zone 
changes was examined in the case where an 8"-dlameter crystal was grown at an almost constant pulling rate under 
such a condition that R OSF die out from the In-plane crystal area, using an improved hot zone where a uT^r^ in- 
th^uh?T''^'^r% '""^ ^'^''^ temperature range of the melting point to 1250=C so 

125(?C lZ"c ^ and where the crystal can stay in the temperature range of 

IZrVS^l , k' "^^^^^ ^"^^ '° ^ '^"9'^ °f ""OO '"•^ ^^'"^ adjusting the pulling rate and the 

power of the heater so that the diameter of the crystal is maintained under the same conditions as in Example 9 Then 

rhtdToretaiSr^;^^^^^^^^^ 

^'=^«"^«'=ally shows the results of observations made through X-ray topography as to the single 
to tl:? H 7" Z T.^^ ^'"^^^ ^-^^'^^ state, coated With' c'u, and heat-t^ea^d'^ 

Although he oxygen prec.pitat.on-promoting region appeared, no dislocation dusters occurred and the denuded zone 

out'of R Osr?h f ■ '"*r r '^'^^ '^^^^ ^^^"^""^ ^o^rs^^, defects were observed by thV<Sng 
mioi, Therefore, controlling the growing conditions can reduce the density of grown-in defects 

^If^ Hi fr"'^^ T^^' "^^^^^ 3"^" ^* ^ ^^'^ °^y9en precipitation-promoting 

or^Z rtK° H 7- .'""^'^"^ ^'^^ °^ "'y^*^'- '^'^ 'he drawing, the denuded zone 

occup ed the whole in-plane crystal area, from which the oxygen precipitation-promoting region was extinct 

. . examinations made as to time-zero dielectric breakdown (TZDB) of wafers processed from the sinale 

crystals that were pulled in Example 12. results similar to those of Example 3 we e obtained That is^hr^cent nS. 
defective m terms of TZDB in the in-plane crystal area was 95% or more In the wafers where R-OSF werTeSrd 
under the conditions that the thickness of an oxide film was 25 nm and the applied voltage was 8 UN 

*h the foregoing, according to the third high-quality silicon single crystal and the method of pro- 

TJS^^^T, °f T""""' =^^"^""9 tomography defects and dislocation clusters, whfch 

are grown-,n defects can be expanded into the in-plane area of a wafer by controlling the R-OSF position while adjust- 

be s^pS ^"^'"^ ^ devi(i characteristics c^n 

4. Fourth High-Quality Silicon Single Crystal and Method of Producing the Same 

As described eariier, it is known as the R-OSF phenomenon that the radius of R-OSF continuously expands 

c^o^t '?H'^ptL"i'""^ '"^ ^"'^ '"^^^'^ '° '^'"^PP"^^ decreasing pulling rate during single crystal 

ZhT\ "^'■^'^^^^ R-OSF distnbution that is shown in function of the pulling rate in FIG. 2 described previously \ V- 
^- "^^"^^ ^""^ P'^=^' so as to be inscribed in R-OSF and closely outside R-OSF in narrow 

Ihiln T"^"^ ^ '^'■'''^ previously. Now. If one can find such growing conditions that the V- 

shaped form opens as wide as possible upward or becomes flat if possible and that the R-OSF so re-shaped is located 
hlTrnTT'i! position in a wafer, then a single crystal capable of supplying v^afers containing minimal defects must 
be p oduced^ It ,s assumed that the R-OSF position is greatly affected by the cooling rate after solidification or the tem- 
perature gradients in the direction of the pulling shaft, in addition to the above-described pulling rate 
01 29] On the basis of these assumptions, in inventing a fourth high-quality silicon single crystal, attention was paid 
lul^' h M k'"""^ T '^F^''''^ '^'^^^'^ ^'hin a solidified single crystal. That is. the single crystarbefng 
pu led should be cooled not simply naturally but by controlling the cooling conditions. However, since it is difficult to 
anafysfsSattoi ml?^^^^ distribution within the single crystal being pulled, it is calculated by a heat transfer 

SlJ!lh schematically illustrates the temperature distribution within a single crystal that Is being pulled 

Since the single crystal being pulled is usually cooled from its surface, there are larger temperature drops at the surface 



18 



EP 1 035 234 A1 

than at the inner side as shown in FIG. 25 (a). That is, assuming a surface of a wafer that is horizontal with respect to 
a vertical pulling shaft, its temperature is high at the center and low at the outer edge. If the solidification process pro- 
ceeds at a horizontal plane that Is substantially the same as the melt surface, then the temperature of the crystal on the 
horizontal plane immediately after solidification must be the same at the center and the outer edge. Therefore, assum- 
5 ing a temperature distribution in the vertical direction parallel with the pulling shaft at a position slightly distant from the 
solid-melt interface of a single crystal that is being grown, the temperature gradient is larger at the outer edge than at 
the center. 

[0131] In contrast, by growing a single crystal under various conditions while changing the method of cooling its 
surface during pulling so that its inside temperature distribution is different from that which is usual, the distribution of 
10 defects in wafers obtained from this single crystal was examined. The examinations revealed the following. 

(i) When the temperature distribution within a single crystal is changed in the course of cooling the single crystal 
while the crystal temperature at the center stays from the temperature immediately after solidification (1412*^0) to 
1250°C, the R-OSF width can be expanded even if the outside diameter of R-OSF remains the same. 

(ii) When the R-OSF width expands, so do the oxygen precipitation promoting region and the denuded zone imme- 
diately outside R-OSF. 

(iii) The temperature distribution during pulling that contributes to expanding the R-OSF width must satisfy such a 
requirement that the temperature gradient in the vertical direction parallel with the pulling shaft of a single crystal 
be smaller at the outer edge than at the center; i.e., as shown in FIG. 25 (b), the temperature must be higher at the 
outer edge than at the center on a horizontal plane in the crystal or in a surface of a wafer. 

(iv) To make the temperature gradient smaller at the outer edge than at the center of a crystal, the hot zone, i.e., 
the method of cooling a single crystal portion being pulled must be changed. To obtain a single crystal having less 
defects, the temperature gradients in the vertical direction of the whole single crystal must be made larger than 
those of the conventional example, and hence the pulling rate must be increased. 

25 

[0132] Although the presence of R-OSF is not necessarily so important a factor in view of the trends toward lower 
temperature fabrication of devices and lower oxygen content in crystals as described earlier, to know the location of R- 
OSF would give a guidance for determining the growing conditions of a single crystal. From this viewpoint, the inventors 
decided to select such growing conditions as to expand a denuded zone as much as possible from the relationship 

30 between the R-OSF position and the temperature distribution within a crystal that is being pulled. In this case, since the 
R-OSF width changes, the detectable outside diameter of R-OSF in each of wafers sliced from obtained single crystals 
was measured. Through these measurements, the inventors were able to clarify the influence of the outside diameter 
of R-OSF and the temperature distribution within a single crystal being pulled upon the distribution of delects, and thus 
accomplished the fourth high-quality silicon single crystal. 

35 [0133] That is, a method of producing the fourth high-quality silicon single crystal is characterized in that a silicon 
single crystal is grown under such conditions that a temperature gradient in the vertical direction parallel with a pulling 
shaft of the crystal is smaller at the outer edge than at the center and is 2.6°C/mm or more at the center when the single 
crystal stays in a temperature range of its solidifying point to 1250°C during growth, and that the outside diameter of R- 
OSF is within a range of 0-60% of the diameter of the grown crystal. 

40 [01 34] Why does a denuded zone expand when the temperature distribution during cooling Is changed? The follow- 
ing answers this question. First, the melt undergoes a change to a solid crystal through solidification when pulled at the 
time of single crystal growth. Since such a change takes place from a liquid phase in which atoms are randomly 
arranged to a solid phase in v^/hich atoms are neatly arranged, in the solid phase near the solid-melt interface, there are 
vacancies created by atoms that should exit missing and interstitial atoms created by superfluous Si atoms entering a 

45 crystal lattice in large amounts. Since a liquid in which inter-atomic distance Is large undergoes a change in state to a 
solid, it is presumed that there would be more vacancies created by missing atoms than interstitial atoms in the crystal 
immediately alter solidification. As the portion that is grown into a single crystal after solidified by pulling moves away 
from the solid-melt interface, atoms and vacancies move and diffuse or vacancies and interstitial atoms are combined 
• together, etc.. so that these vacancies and interstitial atoms disappear one after another, causing atoms in the crystal 

50 to be neatly arranged. However, some of these vacancies and interstitial atoms do remain in the crystal. 

[01 35] Of the vacancies and interstitial atoms Introduced into the crystal in the solidification process, the former out- 
numbers the latter. Both can move around within the crystal quite freely while the crystal temperature is high, with 
vacancies moving or diffusing faster than interstitial atoms. And it is assumed that the number of these vacancies and 
interstitial atoms is reduced while disappearing in the course of their diffusion, their diffusion to the surface, their com- 

55 bination and the like, which are based chiefly on the temperature gradient. 

[0136] First, the saturation limit concentrations of vacancies and interstitial atoms in a high-temperature crystal 
become smaller at lower temperatures, respectively. Thus, even if both of them are present in equal amounts, one at 
lower temperatures has higher concentrations and the other at higher temperatures has lower concentrations as the 
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actual effect. A single crystal that is being grown has temperature gradients in the vertical direction, and actual concen- 
ration differences attributable to these temperature gradients cause diffusion to occur from the low-temperature side to 
he high-temperature side. i.e.. from the upper side of a single crystal being grown to the solid-melt interface and thus 
the number of vacancies and interstitial atoms decreases with decreasing temperature. Further, since vacancies are 
created when atoms constituting a crystal lattice are missing and interstitial atoms are created when superfluous atoms 
are present in the lattice, when both of them collide, they are combined with each other to disappear, making the crystal 
lattice perfect. ' 

[01 37] The temperature gradients in the direction of the vertical axis of a crystal beina orown littif, nhanno if 
tne pulling rate is changed. That is. at the same temperature gradient, vacancies diffuse ic^rx^ the solid-meftinterfece 
m the same amount per unit time. Hence, when the pulling rale is increased, the crystal temperature decreases leaving 
ex^ssive vacancies undifftjsed. and even if vacancies disappear at an increased pace through their diffusion to the 
surface and their combination with interstitial atoms, the undiffused vacancies do remain in the crystal as defects and 
K ri"^l undiffused vacancies would be the cause of laser scattering tomography defects. On the other 

hand, when the pulling rate is decreased, vacancies diffuse and disappear sufficiently, but interstitial atoms, which dif- 
use more slowly than vacancies, are left undiffused while the crystal temperature is decreasing, and thus these undif- 
rZ^ a' atones '^ause dislocation clusters to occur. It is hence assumed that these phenomena would be 

responsible for the fact shown m previously described FIG. 2 that laser scattering tomography defects mainly result 
when the pulling rate is high and dislocation clusters mainly result when the pulling rate is low 

T^^l ^ ■^rt'T' ^ ^'"^'^ ""'y^'^' 9'°*" intermediate pulling rates, for example, as shown in previously 
described FIG 3. laser scattering tomography defects distribute around the center and dislocation clusters near the 
outer edge with R-OSF, an oxygen precipitation promoting region, and denuded zones existing in between. In the case 
of a normal single crystal pulling and growing method, the temperature gradient in the direction of the vertical axis is 
larger at the surface than at the center of the single crystal as shown in FIG. 25 (a). This means that temperature gra- 
dient-leased diffusion takes place faster at the surface than at the center, and since vacancies diffuse faster the con- 
centration of interstitial atoms becomes relatively higher with decreasing pulling rate, and hence dislocation clusters 
begin to appear. At this point in the process, a relatively large amount of vacancies still exists around the center where 
the temperature gradients are small, and thus they remain as laser scattering tomography defects. In the region 
betv^een them, vacancies balance with interstitial atoms in number, allowing them to be combined together to rid the 
crystal of sources of defects. Thus, it is assumed that this is why a denuded zone is formed. According to one theory 
OSF IS fornfied by the nucleaUon of oxygen precipitates, and the fact that the oxygen precipitation promoting region dr- 
cumscribes R-OSF supports this theory. k k a y.un 

[0139] If a denuded zone is formed at a position where vacancies balance with interstitial atoms in number during 
a period in which vacancies and interstitial atoms can move easily, i.e.. while the crystal temperature is high and thus 
they can diffuse fast, then the position at which vacancies balance with interstitial atoms moves outward when the Dull- 
ing rate IS high due to an insufficient reduction of diffusing vacancies, and the same position nears the center when the 
pulling rate is low due to the decreased number of vacancies, and thus a region where dislocation clusters occur would 
expand near he outer edge. Here, if it is supposed that oxygen precipitation occurs more easily by consuming vacan- 
cies at the place where vacancies slightly outnumber interstitial atoms than at the position where they balance in 
number, it could result that oxygen precipitates and R-OSF occur in a regfon that is inwardly adjacent to a denuded 

[0140] If the formation of a denuded zone is dependent on the fact that vacancies balance with interstitial atoms in 
number, and if such balancing Is governed by the temperature gradients in the vertical direction of a crystal in a high 
temperature range immediately after solidification as described above, then it is assumed that to expand a denuded 
zone, he pulling rate may be adjusted so that the temperature gradient in the direction of the vertical axis of a single 
crystal being pulled is the same both at the center and the outer edge. However, in actuality, when exactly the same 
temperature gradient is achieved in the whole in-plane crystal area, dislocation clusters tend to appear around the outer 
edge of a wafer as long as the condition that almost all laser scattering tomography defects around the center disappear 
IS satisfied. Thus, to decrease grown-in defects in the whole wafer, the single crystal must be grown under limited con- 
ditions. The reason for this is assumed as follows. Since vacancies and interstitial atoms disappear upon reaching the 
surface of a single crystal, their concentrations are low near the surface of the single crystal, and thus it is assumed that 
horizontal concentration diffusion is taking place from the inside to the surface. In this case also, since the vacancies 
diffuse faster than interstitial atoms, tiie concentration of interstitial atoms becomes relatively high, and thus dislocation 
clusters tend to occur at \he surface. Therefore, if the temperature gradient in the vertical direction is made smaller at 
the surface than at the center, then disappearing vacancies due to their diffusion to the surface can be saved and 
hence the formation of dislocation clusters near the surface can be suppressed. 

[0141] In applying the method of producing the fourth high-quality silicon single crystal to the growing of a single 
crysta , the temperature distribution within the single crystal is controlled in such a temperature range that the single 
crystal is cooled to 1250°C after solidification. The reason why the temperature range is limited to 1250»C is because 
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when the crystal Is cooled to temperatures below this, temperature distribution control is no longer effective in expand- 
ing a denuded zone. 

[0142] In such a temperature range that a single crystal being grown is cooled to 1250°C after solidification, the 
temperature gradient in the vertical direction at the center of the single crystal is controlled to be 2.6°C/mm or more. 

5 This is because the R-OSF width is hard to increase at temperature gradients below 2.6°C/mm and thus regions free 
of grown-in defects cannot be expanded. This point is considered important in the sense that giving precedence to the 
disappearance of vacancies expands the R-OSF width by temperature gradient-dependent vertical diffusion over their 
diffusion toward the surface of the crystal. This temperature gradient is allowed to be large from the viewpoint of sup- 
pressing the formation of grown-in defects. However, under large temperature gradients, cooling means must be further 

10 improved, and unsatisfactory dislocations occur due to distortions caused by shrinkages at short distances derived 
from the Improved cooling, and thus the temperature gradient may actually be increased to about 6.0°C/mm at most. 
Note that the temperature gradient is desirably in a range of 3.5-4.5°C/mm. 

[0143] Further, in the method of producing the fourth high-quality silicon single crystal, the temperature gradient in 
the vertical direction parallel with the central axis is made smaller at the outer edge than at the center of a crystal as far 

15 as a single crystal portion that is cooled to 1250^*0 from the solidifying point during pulling is concerned. In the case of 
the normal growth, the temperature gradient is larger at the outer edge than at the center in this temperature range dur- 
ing the pulling of a single crystal. That is, the solid-melt interface of a single crystal being grown is substantially flush 
with the melt surface and thus has the same temperature as the melt surface, and hence at positions vertically equidis- 
tant from the melt surface, the crystal temperature is lower at the outer edge than at the center. 

20 [0144] In contrast, in the method of producing the fourth high-quality silicon single crystal, the temperature gradient 
at the outer edge is made smaller than at the center, and thus at positions vertically equidistant from the melt surface, 
the crystal temperature is higher at the outer edge than at the center. In other words, the temperature gradient in the 
vertical direction parallel with the pulling shaft of the crystal is smaller at a desired position on a plane orthogonal to the 
pulling shaft than at any position along a line connecting the center to that desired position. The reason why the tem- 

25 perature gradient in the vertical direction is made smaller at the outer edge than at the center is because doing so can 
expand the R-OSF width observed in wafers. When the temperature gradient at the outer edge exceeds that at the 
center, the R-OSF width cannot be expanded. 

[0145] The outside diameter of R-OSF detected on a plane perpendicular to the growth axis taken out of a single 
crystal, I.e., on a surface of a wafer is set within a range of 0-60% of the diameter of the grown crystal. While such out- 

30 side diameter of R-OSF changes in accordance with the growing rate, the growing rate for obtaining the same outside 
diameter of R-OSF differs depending on the temperature conditions of a single crystal being pulled and the hot zone 
design for a single crystal being grown. In view of this, how the outside diameter of R-OSF changes is examined exper- 
imentally by changing the pulling rate using growing equipment, and a single crystal is grown at such a rate that the out- 
side diameter falls within the above-described range. 

35 [0146] When the pulling rate is so high that the outside diameter of R-OSF exceeds 60%, a region where laser scat- 
tering tomography defects occur remains around the center of a single crystal. Further, when the pulling rate is contin- 
uously decreased, the outside diameter of R-OSF is gradually reduced, finally, to 0%. If the pulling rate is further 
decreased from such level that the outside diameter of R-OSF is 0%, dislocation clusters begin to occur. To avoid the 
above inconvenience, a single crystal is to be grown at such a pulling rate that the outside diameter of R-OSF is within 

40 the range of 0-60% of its diameter. 

[0147] To achieve a temperature gradient in the vertical direction of 2.6°C/mm or more at the center of a single crys- 
tal and a temperature gradient that is smaller at the outer edge than at the center during the pulling of a single crystal, 
the upper portion of the single crystal being pulled must be cooled forcibly, not naturally, and its surface that is located 
at a predetermined distance from the melt surface must be heat-insulated or heated. By cooling the upper portion, the 

45 central portion of the single crystal immediately after solidification Is cooled by heat conduction, while its outer edge por- 
tion can have higher temperatures than around its center by heat insulation or heating. Any method may be used in for- 
cibly cooling the upper portion of the single crystal during pulling. Means of purging a cool ambient gas or nearing a 
cooled object to a site to be cooled, etc. may be applied. For example, if a method in which the upper portion of a single 
crystal is covered with a water-cooled sleeve that is concentric with the single crystal is employed, and when the lower 

50 end of the sleeve is located at a predetermined distance from the melt surface, then the crystal surface portion extend- 
ing from the melt surface to the lower end of the sleeve is heat-insulated by radiation from the melt surface and by heat 
from the heater for heating the crucible. As a result, as far as any of horizontal planes that are as high as such heat- 
insulated crystal surface portion are concerned, lower temperatures can be achieved at the center due to the heat con- 
duction that is based on the cooling of the upper portion of the single crystal. 

55 [0148] The temperature distribution within a single crystal in this case is obtained by actual temperature measure- 
ments on the surface of the single crystal and by calculations based on the heat transfer analysis simulation method. 
As this heat transfer analysis method, a simulation method used for the normal silicon single crystal growth may be 
applied. In such a case, the design of a hot zone, i.e., a portion to be cooled that is above the melt surface for achieving 
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the above-described temperature distribution within the single crystal is determined, after which data is gathered, e.g.. 
by actually measuring the temperature while inserting a thermocouple into the single crystal that is being grown, or by 
measuring the surface temperature of the single crystal being pulled, and the gathered data is corrected. By doing so 
a more correct temperature distribution can be estimated. 

[0149] Note that in order to set the outside diameter of R-OSF at 60% or less by effecting the cooling control for 
controlling the distribution of temperature gradients in the vertical direction of the single crystal being grown, the pulling 
rate must be particularly higher than in the normal growth in which no cooling control is effected. This indicates that a 
singie crystal having less defects can be grown at higher pulling rates. 

[0150] To evaluate the fourth high-quality silicon single crystal, 8"-diameter silicon single crystals were produced 
and the form of R-OSF and how crystal defects occur were examined based on Examples 13 and 14. 

4-1. Example 13 

[0151] An 8"-diameter single crystal was produced using a single crystal producing apparatus. The crucible was 
charged with 120 kg of polysilicon that Is a raw material for the preparation of a crystal, and boron was further added 
as a p-type dopant so that the crystal has an electrical resistivity of about 1 0 n cm. FIG. 26 schematically shows a cross 
section of the single crystal producing apparatus used. This single crystal producing apparatus is equipped with a dou- 
ble-walled stainless steel cooling sleeve 7 so that the upper portion of a single crystal 6 pulled thereby can be cooled 
The lower end of the sleeve 7 is closed and thus its inside can be water-cooled. The sleeve 7 is disposed on the appa- 
ratus so as to be vertically movable coaxial with the central axis of the single crystal to be pulled. The inside diameter 
of the cooling sleeve 7 is 240 mm with respect to the 8"-diameter silicon single crystal. 

[01 52] After evacuating the apparatus to achieve an Ar atmosphere therein and melting the silicon within the cruci- 
ble using a heater 2. a seed crystal was pulled while brought into contact with a melt 3, Then, the growing process pro- 
ceeded to the seed-constrictinng step, the shoulder-forming step, and to the body-growing step. The cooling sleeve 7 
had Its lower end located at a distance of 150 mm from the melt surface. After growing the single crystal to a predeter- 
mined diameter, the current of the heater 2 was adjusted to set the pulling rate at 1 .5 mm/min. and the growing process 
was thereafter continued. When the shoulder entered the cooling sleeve 7. it was started to slow down the pulling rate 
Since the melt 3 within the crucible was reduced as the single crystal 6 grew, the crucible 1 was elevated to maintain 
the melt surface at the same level at all times. While the single crystal was being grown to a body length of 800 mm the 
pulling rate was successively dropped to a level of 0.5 mm/min. and the single crystal was grown by an additional length 
of 200 mm at such pulling rate, after which the tail-constricting step was performed to terminate the growing process 
As to the single crystal being pulled between the melting point and 1250''C, the following temperature gradients were 
obtained from the calculations made by heat transfer analysis simulations. The temperature gradient was in the range 
of 3.8-4.0°C/mm at the center of the crystal, and in the range of 3.2-3.7'^C/mm at the outer edge, and they little changed 
even when the pulling rate was changed. Examinations were made through X-ray topography as to the defect distribu- 
tion after splitting the obtained single crystal lengthwise along Its central axis, cutting therefrom a 1.4 mm-thick slice 
including the central axis, immersing the slice into a 16%-by-weight aqueous solution of copper nitrate to thereby 
deposit Cu thereon, and heating the resultant slice at BQQ^C for 20 minutes and then cooling the heated slice. 
[0153] FIG. 27 shows the results of the examinations made as to the defect distribution in Example 13. FIG 27 
schematically shows the defect distribution in function of the pulling rate during growth. If a wafer is taken from a plane 
perpendicular to the central axis of a normally grown single crystal, the outside diameter of R-OSF is 60% of the diam- 
eter of the crystal when the pulling rate is 0.87 mm/min. and is shorter when the pulling rate is lower. When the crystal 
was pulled at a rate of 0.87 mm/min in Example 13. the inner region of R-OSF remained around the center. However 
the density of laser scattering tomography defects in this portion was 1/3 or less compared with the wafer obtained by 
the conventional method. At pulling rates that were 0.85 mnn/min or less, R-OSF almost disappeared. Further, at pulling 
rates below 0.79 mnrVmin. dislocation clusters began to occur from the vicinity of the outer edge of the single crystal. 
[0154] It is understood that a single crystal capable of supplying wafers having an extremely small level of laser 
scattering tomography defects and dislocation clusters can be grown by making the temperature gradient in the vertical 
direction of the single crystal being grown smaller at the outer edge than at the center and by controlling the pulling rate. 

4-2. Example 14 

[0155] An 8"-diameter silicon single crystal was grown by the single crystal producing apparatus shown in FIG. 26 
and used in Example 13. The cooling sleeve and Its location were exactly the same as in Example 13. The single crystal 
having a body length of 1 000 mm was grown from 1 20 kg of polysilicon material under such conditions that the temper- 
ature gradient is smaller at the outer edge than at the center as in Example 13 and that the pulling rate after forming the 
shoulder IS almost constant at 0.82-0.83 mm/min. The temperature gradient of the single crystal being pulled while the 
crystal stayed in the temperature range of the melting point to 1250°C was 3.9-4.0*'C/mm at the center of the crystal 
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and 3.3-3.5°C/mm at the outer edge according to the results of heat transfer analysis simulations. 
[01 56] For purposes of comparison, another 8"-dlameter single crystal was grown. Although the same single crys- 
tal producing apparatus was used, the conventional method was applied and the cooling sleeve 7 was thus removed 
this time. The pulling rate was set at 0.47 mm/min so that R-OSF appear around the outer edge similarly to the conven- 
5 tional crystal. The temperature gradient of this single crystal being grown while the crystal stayed in the temperature 
range of the melting point to 1250°C was 2.0-2.rc/mm at the center of the crystal and 1 .8-1 .9°C/mm at the outer edge 
according to the results of heat transfer analysis simulations. 

[0157] The outside diameter of R-OSF was detected and measured by the same technique as in Example 13 as to 
wafers taken at three positions, i.e., the upper portion, the middle portion, and the lower portion, from the two kinds of 

10 single crystals obtained. Further, examinations were made through laser scattering tomograpy and Secco etching as to 
the density of laser scattering tomography defects and the density of dislocation clusters in specimens taken at three 
positions, i.e., the center, the position that is 1/2 the diameter, and the outer edge from each wafer, respectively. Still 
further, as to wafers taken at positions adjacent to those wafers whose defect distributions were examined, time-zero 
dielectric breakdown (TZDB) for an oxide film thickness of 25 nm was measured and their percent nondefective was 

15 obtained after subjecting each of such wafers to a predetermined heat treatment and the like and thereafter giving it a 
gate structure of a device. 

[0158] The results of these examinations are collectively indicated in Table 1. The density of laser scattering tom- 
ography defects and that of dislocation dusters are indicated In terms of the average of the measurements at the three 
positions of each wafer. As is apparent from Table 1, the wafers obtained from the single crystal that was grown in 
20 accordance with the method specified by this invention are of high quality with less grown-in defects such as laser scat- 
tering tomography defects and dislocation clusters and with a higher percent nondefective in terms of TZDB compared 
with the wafers obtained from the single crystal that was grown by the conventional producing method. 



25 Table 1 



Temperature 
gradient in 
vertical direc- 
tion 


Position in sin- 
gle crystal 


Ratio of out- 
side diameter 
of R-OSF (%) 


Average den- 
sity of laser 
scattering tom- 
ography 
defects 
(number of 
scatter- 
ers/cm^) 


Average den- 
sity of disloca- 
tion clusters 

(number of 
clusters/cm-^) 


Percent non- 
defective in 
terms of initial 
oxide film with- 
stand voltage 


Remarks 


Large at 
center and 
small at outer 

edge 


Upper 


0 


0 


0 


96.4 


Example of 
this invention 


Middle 


0 


0 


0 


95.2 


Lower 


0 


0 


0 


95.7 


Small at 
center and 
large at outer 
edge 


Upper 


41 


3.4 X 10"^ 


5.0 X 10^ 


70.3 


Comparative 
example 


Middle 


38 


2.8 X 10^ 


6.2 X 10^ 


72.1 


Lower 


40 


3.1 X 10^ 


5.3 X 10^ 


71.5 



45 [0159] As described In the foregoing, according to the fourth high-quality silicon single crystal and the method of 
producing the same, a high-quality single crystal of a large diameter and a long size in which grown-in defects such as 
dislocation clusters and laser scattering tomography defects are minimized can be produced by a CZ method at a. 
higher pulling rate, i.e., at a higher level of productivity Wafers produced from the thus obtained single crystal contain 
less harmful defects which deteriorate device characteristics and hence can be effectively adapted to larger scale inte- 

50 gration and size reduction of the devices. 

5. Fifth High-Quality Silicon Single Crystal and Method of Producing the Same 

[01 60] When a silicon single crystal is grown from a melt by CZ method, in view of the diffusing behavior of vacan- 
55 cies and interstitial Si atoms introduced into the crystal from the solid-melt interface, the following hypothesis can be 
established. Laser scattering tomography defects would be formed if the crystal is cooled with excessive vacancies, and 
dislocation clusters would result if the crystal is cooled with excessive Interstitial Si atoms. Further, if the crystal is 
cooled with vacancies and interstitial Si atoms balancing in number, both types of defects would disappear and R-OSF 
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and an oxygen precipitation-promoting region would be formed adjacent to where these types of defects would have 
disappeared. From this hypothesis, the following can be Inferred. As disclosed In the previously described Japanese 
Unexamined Application Laid-Open No. 8-330316(1996), what would be required Is that the average temperature qiB- 
dient in the direction of the pulling shaft within a single crystal Immediately after solidification be almost the same both 
at the center and at the outer edge or become gradually smaller from the center to the outer edge. However the same 
Japanese Unexamined Application Laid-Open No. 8-330316(1996) does not refer to any specific means for achieving 
such a temperature distribution within the single crystal during pulling. 

(01 61 ] In inventing a fifth high-quality silicon single crystal and a method of orori. ininn th^ Qame »ho ir,w..„.,.,. 
investigated the possibility of disposing a heat-shielding body or the like for cooling or heat-insulation around the"c?ystal 
being grown in order to change the temperature gradients in the direction of the pulling shaft within the silicon single 
crystal immediately after solidification. However, in view of problems, such as contamination and Interference with oper- 
ation, encountered when a foreign object is moved closer to the melt surface, the above attempt was not so effective as 
expected. As a next attempt, examinations were made as to how effective it would be to change the rotating speed of 
the single crystal and that of the crucible during pulling which is the technique employed in the normal single crystal 
growth, t was found out from the examination results that a single crystal capable of supplying wafers containing an 
extremely small level of laser scattering tomography defects and dislocaUon clusters can be produced by controlling the 
rotaung speed of the crucible or of the single crystal or of both and by limiting the pulling rate. 

[0162] FIG. 28 schematically shows the solid-melt interfaces of single crystals that are being pulled The single 
crystal that is being pulled releases much of latent heat of solidification from its surface, and thus its surface is cooled 
faster than its iriside. Hence, the surface temperature is higher than the inside temperature, and the solidifying interface 
or the sohd-melt interface usually tends to be upwardly convex with the temperature higher at the center of the single 
crystal than at the surface. The temperature distribution within the crystal is such that the temperature is higher at the 
center on a plane perpendicular to the pulling shaft, i.e., as schematically shown in FIG. 28 (a). Here the temperature 
on the soiid-melt interface is maintained at a predetermined value, which is the solidifying point of silicon Now assum- 
ing the distances from the solid-melt interface to an isotherm having the same temperature difl^erence (AT) in the direc- 
tion of the pulling shaft within the single crystal, a distance (Lc) at the center is greater than a distance (Ls) at the 
surfece. That is. the temperature gradient in the directton of the pulling shaft at the center of the single crystal Gc (= 
AT/Lc) IS smaller than the temperature gradient in the same direction at the surface Gs (= AT/Ls) 
[0163] In contrast, supposing that the single crystal would be cooled under the same conditions immediately after 
pulling If the solid-melt interface is made further upwardly convex than isotherms within the single crystal as shown in 
FIG. 28 (b), then Ls becomes greater than Lc. and thus Gc must be made greater than Gs. If Gc b Gs can be satisfied 
immediately after solidification, then it would be possible, as will be described later, to expand the angle of the V-shaped 
distribution of R-OSF that is so shaped in function of the pulling rate as previously described with reference to FIG 2 
Thus, methods of achieving this state were studied. 

[01 64] The solid-meK interface tends to be ftjrther upwardly convex with Increasing single crystal pulling rate This 
IS because the faster the pulling rate, the slower the release of latent heat of solidification at the center of the single 
crystal than at the surface, and thus the temperature difference increases between the center and the outer edge H<wv- 
ever, an upwardly convex solid-melt interface can be obtained by increasing the pulling rate, but this is not enough in 
that the number of laser scattering tomography defects is increased. On the other hand, when the pulling rate is 
decreased, the solid-melt interface becomes flat or downwardly convex. This is because lower pulling rates allow the 
crystal to release its latent heat of solidification sufficiently, thereby preventing heat from resting at the center and thus 
Ls tends to increase. However, a mere reduction In pulling rate is not enough because dislocation clusters begin to 
occur ^ 



K ! on """"^ ^'"^'^ *® ^'■"•^'"^ generally, at about 5-15 rpm and the single crystal at 

about 15-30 rpm in order to. e.g., achieve a temperature distribution symmetrical with respect to the center over the 
sohd-melt interface, reduce erratic temperature fluctuations due to heat convection, and homogenize impurities and 
addition elements. Since the melt within the crudMe is heated by a heater from Its outer edge, upward natural convec- 
tion occurs near the side wall of the crucible and downward convection at the center. When the crucible is rotated such 
movements of the melt within the crucible are restrained. However, when the crucible is rotated faster, an upwardly con- 
vex sohd-melt interface Is harder to obtain, and thus it was found out that it was desirable to rotate the crucible as slowly 
as possibte^ When the single crystal is rotated, forced convection, or a cock-run flow results. This forced convection is 
an upward flow occurring at the center of the crucible, and a relatively high-temperature melt hits the middle of the sin- 
gle crystal and flows from the middle to the outer edge, thereby increasing the temperature of the solid-melt interface 
at the center and hence making the solid-melt interface being further upwardly convex. 

[0166] Thus, by making the solid-melt Interface flat or upwardly convex while combining the rotating speed of the 
crucible and that of the single crystal in such a pulling rate range that the outside diameter of R-OSF is sufficiently small 
a temperature distribution such as shown In FIG. 28 (b) is achieved. It has been verified that by such a method, a single 
crystal capable of supplying wafers having an extremely small level of grown-in defects such as laser scattering tomog- 
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raphy defects and dislocation clusters can be produced. By further defining the producing condition limits, the method 
of producing the fifth high-quality silicon single crystal has been accomplished. 

[01 67] The method is characterized by pulling a single crystal in such a stale that the shape of a solid-melt interface 
between the single crystal being grown and a melt is flat or upwardly convex at such a low rate that the outside diameter 
5 of R-OSF occurring in the crystal is within a range of 0-60% of the diameter of the crystal. In this producing method, it 
is desirable that the rotating speed of the crucible be 5 rpm or less, or/and the rotating speed of the single crystal be 13 
rpm or more. 

[0168] Now, let us think about why a denuded zone Is expanded by selecting an appropriate pulling rate when the 
temperature gradients in the direction of the pulling shaft within a single crystal immediately after solidification are sub- 
to stantially the same at the center and at the outer edge of the crystal, or become gradually smaller from the center to the 
outer edge. First, the melt undergoes a change to a solid crystal through solidification when pulled at the time of single 
crystal growth. Such a change takes place from a liquid phase in which atoms are randomly arranged to a solid phase 
in which atoms are neatly an^nged, and thus in the solid phase near the solid-melt interface, there are vacancies cre- 
ated by atoms that should exist missing and Interstitial atoms created by superfluous Si atoms entering a crystal lattice 

15 in large amounts. It is presumed that there would be more vacancies created by missing atoms than interstitial atoms 
in the crystal immediately after solidification. As the portion grown into a single crystal after solidified by pulling moves 
away from the solid-melt interface, atoms and vacancies move and diffuse or vacancies and interstitial atoms are com- 
bined together, etc., so that these vacancies and interstitial atoms disappear, causing atoms In the crystal to be neatly 
arranged. However, due to the decreased moving and diffusing rates caused by temperature drops, some of these 

20 vacancies and interstitial atoms do remain in the crystal. 

[0169] Of the vacancies and interstitial atoms introduced in the solidification process, the former outnumbers the 
latter, and both can move around within the crystal quite freely while the crystal temperature is high. It is assumed that 
vacancies move or diffuse faster than interstitial atoms. Here, the saturation limit concentrations of vacancies and inter- 
stitial atoms allowed to be present in a high-temperature crystal are smaller at lower temperatures, respectively. Thus, 

25 even If both of them are present in equal amounts, one at lower temperatures has higher concentrations and the other 
at higher temperatures has lower concentrations as the actual effect. A single crystal being grown has temperature gra- 
dients in the vertical direction, and actual concentration differences attributable to these temperature gradients cause 
diffusion to occur against the temperature gradients from the low-temperature side to the high-temperature side, i.e., 
from the upper side of the single crystal being grown to the solid-melt interface, and thus the number of vacancies and 

30 interstitial atoms decreases with decreasing temperature. Since vacancies are created when atoms constituting a crys- 
tal lattice are missing and interstitial atoms are created when superfluous atoms are present in the lattice, when both of 
them collide, they are combined with each other to disappear, and thus the crystal lattice tends to become perfect. 
[0170] Temperature gradients in the direction of the vertical axis of a crystal being grown little change even if the 
pulling rate is changed as long as the design of a hot zone, i.e.. a portion to be cooled of the single crystal being pulled 

35 Is the same. Vacancies and Interstitial atoms diffuse and they combine and disappear actively in the temiDerature range 
of the solidifying point {1412°C) to approximately 1250°C, and it is assumed that their combination and disappearance 
caused by their diffusion do proceed even at temperatures lower than the above although their diffusion rate is 
decreased. At the same temperature gradient in the same temperature range, vacancies diffuse toward the solid-melt 
interface against the temperature gradient in substantially the same amount per unit time. Hence, when the pulling rate 

40 Is increased, the crystal temperature decreases, leaving undiffused those vacancies that outnumber interstitial atoms, 
and even if vacancies continue to disappear to some extent through their diffusion to the surface and their combination 
with interstitial atoms, the undiffused vacancies do remain in the crystal as defects. It is assumed that these undiffused 
vacancies would be the cause of laser scattering tomography defects. This is equivalent to a portion in which the pulling 
rate is high in FIG. 2 described previously. On the other hand, when the pulling rate is low, which is equivalent to the 

45 lower portion in FIG. 2, vacancies diffuse and disappear sufficiently, but interstitial atoms, which diffuse more slowly 
than vacancies, are left undiffused while the crystal temperature decreases with vacancies relatively running short, and 
thus these undiffused interstitial atoms that are superfluous in the end cause dislocation clusters. Hence, laser scatter- 
ing tomography defects mainly result in a rapidly grown single crystal portion where the pulling rate is high and disloca- 
tion clusters mainly result in a slowly grown single crystal portion where the pulling rate is low. A wafer sliced from a 

50 crystal portion located in between includes both of these crystal portions. 

[0171] In the normal single crystal pulling and growing method, the temperature gradient at the center Gc is larger 
than the temperature gradient at the surface Gs as has been described with reference to FIG. 28 (a). That is, the con- 
centrations of vacancies and interstitial atoms drop faster at the surface than at the center due to their temperature gra- 
dient-based drffusion. However, since vacancies diffuse very much faster than interstitial atoms, the distribution of 

55 vacancy concentrations becomes analogous to isotherms within the crystal on a surface of a wafer that is perpendicular 
to the pulling shaft, while concentrations of interstitial atoms are distributed almost uniformly on a plane that is perpen- 
dicular to the pulling shaft. Further, defects such as vacancies and interstitial atoms disappear upon reaching the sur- 
face of a crystal, and thus their concentrations are low at the surface, so that their temperature gradient-based diffusion 



25 



EP 1 035 234 A1 



to the surface are also occurring in addition to their temperature gradient-based diffusion. 

n u' "'"f ^'^^ relationship between the temperature gradients at the center and at the surface in a 
s ngle crystal t^mg pulled and the densities of vacancies and interstitial atoms. In the above^Jescribed ^rmal ^ir^gle 
crystal pulling and growing method, the same relationship is presumed to be as schematically shown i^RG 29(a) 
vacTnl,'!^ drfferences m concentration between vacancies and interstitial atoms, when the pulling rate is high 
vacancies are excessive and thus results a rapidly grown single crystal in which laser scattering tomograSy Ste 
tend to occunn the whole in-plane area, while when the pulling rate is low. interstitial atoms are aZ'X' LhS 
:™ " ""^'^ ^'"9'^ ^^t^' dislocation clusters tend to occur in the whole in-nl«n. «r.=, 

belna clos^^tnThlll;" intermediate pulling rates, the crystal temperature decreases with the vacanc;"concent,ation 
be ng close to the interstitial atom concentration, but their concentration distributions are different due to different tem- 

tion near the sul2' Th«n ? ^'^^^^ ^'^""^ 'tenter of the crystal, while vacancies run short at a por- 
SSon irterl^^ J ri ^"^TT^ tomography defects are mainly distributed around the center, and dislo- 
cation dusters near the surface around the outer edge. In the middle portion between the surface and the center 
vacancies balance with interstitial atoms in number, and thus both are combined together to d'Sp^r As a resSt 

IZth 'VJ'""'"' °' °' '"^^^ ''^^ °' 9™-"-'" that occur in the rapidly^rowrsi^gle cS 

and the slowly grown single crystal, with R-OSF occurring at substantially the same place. NudeLn of Seen ore 

Ss?leems r "^T T'""" °' ^" ^'^y^^" predpitation-promoting regSn e>^Sxt .o R- 

OSF seems to support such account. Although grown-in defects such as laser scattering tomography defeds and dte- 
location dusters are not present in R-OSF or in the oxygen precipitation-promoting regL. when oTygrprLilts 
are formed. vacancies and the like are assumed to form the nucleation of these prec^itates. Thus v^candes rS no 
distrfb^^i"'?' precipitaUon. tL. S is pr JumedThat rirhatTe 

Sro a stlTrJstaTrr "T^^ ^ ^^^^ °' —ntratlons across Z 

radius of a single coastal, i.e.. between the center and the surface would contribute to bringing about such a V-shaped 

[0174] As described in the foregoing, if the formation of a denuded zone is dependent on the fact that vacancies 

dSfonT '"*Tr TT ' ''^'^"'='"9 9°^--^ temperaturrg^diJntt the"^^^^^ 

direction of a crystal ,n a high temperature range immediately after solidification as described aLe. then it is assumed 

iirecZofTn '^'^ ^"^i"^'^ - -"-""-^ temperature gr^d ien s inTe 

shS Te n the?'? " f9'%'=^^^' ''-'"S --"^e -ze in a plane perpendicular to the pulling 

' ^^"^ of a wafer. However, vacancies and interstitial atoms diffuse toward the surface of the 

tiontf .'h r" 'I '-^^-^-^^ gradient-based diffusion, and thus when the temperature Slni i^ the S rec! 
ion of the puling shaft are made the same both at the center and at the surface, the vacancy concentration at me sur- 

™l « r high-quality snicon single crystal, the shape of the solid-melt interface is made flat of upwardly 

SL c^IiLhT! '^^^'^^'^ g^^-^'^nt the direction of the pulling shaft equal both at the center of 

he crystal and at its surface or slightly smaller at the surface, in addition to decreasing the pulling rate so that R OSF 

be dSLT hlTof 1^^^^^^ ^ ^' conLt,.Lns?stnh?rl^^^^^^^^ 

Tnc rLte I sinl .^ t f k 7 "^r'^"*""'""" ^"^ ^^^^h^^ ^^^^^ appropriate puli- 

ng rate, a single crystal in which a denuded zone is expanded can be obtained Hh^ H p 

^t/Lt »h'" ""f .""^^^ °^ produdng the fifth high-quality silicon single crystal, it is required to seled such a pulling 
rate that the outs.de diameter of R-OSF observed in a wafer is within a range of 0-60% of the diameter of me cr^s a? 
PuZa s'h":; b?:; operation the method also requires that the average temperature gradient in the dSl ionTme 
pull ng shaft be equal at the center of the single crystal and at the surface or be smaller at the surface than at the center 
wh e the temperature of the crystal being grown stays in the range of the solidifying point to about 1250=" As a S 

drr'"r TT '""T" ^^^^ °^ 9'°*"-'" ^'^^^ sudTasTaser scattering tomography defec s 

and chslocation dusters can be obtained. When the pulling rate is so decreased as required by L method the sS 

Slt^^^J ThT ' ^ ' *° °' downwardly convex. However, in order to obtain the above-described tem- 

rtr^rurarXtrx^'^^^^^^^ 

[01 77] In the method of producing the fifth high-quality silicon single crystal, the pulling rate at the time of sinole 
c ysta growth is such that the outside diameter of R-OSF observed on a wafer is within a ringe of "eo"! of thi diar^ 
for M • r"^'- °' ^^^^"9^^ accordance with the pulling rate, the puHing 

£V^i:^^Z^:^T'"'': '""f ^ °' ''•'"^ '^^"''"^ °" '^-^P^-'"- conations of a single c^s 

O^^h^nn!! Z ^ ^'"9'^ '^'y^'^' ^^'"9 9^°^- ^'ew Of this, how the outside diameter of R- 

af/u^ I IT > "'"^"'^"y changing the pulling rate using growing equipment, and a single crystal is 
grown at such a pulling rate that the outside diameter falls within the above-described range. 
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[01 78] When the pulling rate is so high that the outside diameter of R-OSF exceeds 60%. a region where laser scat- 
tering tomography defects occur remains around the center of a single crystal. Further, when the pulling rate is contin- 
uously decreased, the outside diameter of R-OSF is gradually reduced, finally, to 0%. If the pulling rate is further 
decreased from such a level that the outside diameter of R-OSF is 0%, dislocation clusters begin to occur. To avoid the 
5 above inconvenience, a single crystal is to be grown at such a pulling rate that the outside diameter of R-OSF is within 
the range of 0-60% of its diameter. The specific pulling rate range differs depending on the structure of a single crystal 
producing apparatus to be used, or the structure of a hot zone in particular. Therefore, it is desirable to select a proper 
value through actually growing single crystals, taking wafers from the grown single crystals, and observing R-OSF in 
the wafers. 

10 [01 79] The single crystal is supposed to be pulled in such a state that the shape of the solid-melt interface is flat or 
upwardly convex. Although the shape of the solid-melt interface cannot always be checked during pulling, it can be 
checked by observing the single crystal after grown. For example, the crystal after completely pulled is split lengthwise, 
heat-treated at 800*'C for 4 hours and at 1000°C for 16 hours when its oxygen content is high, or heat-treated by heating 
it up to 900X at a rate of S^'C/min while charged into a furnace of about 650°C, soaking it for 20 hours, thereafter heat- 

15 ing it to 1000°C at a rate of 10°C/min. and soaking it at the same temperature for 10 hours when its oxygen content is 
low, thereby causing precipitates of oxygen to be formed in the crystal. Thereafter, striations Indicating the shape of the 
solid-melt interface can be observed through X-ray topography. 

[01 80] The reason why the shape of the solid-melt interfece is made flat or upwardly convex is because by arrang- 
ing so, the temperature gradient in the direction of the pulling shaft can be smaller at the surface than at the center of a 
20 single crystal immediately after solidification. Further, the surface of the single crystal immediately after pulled is heated 
by radiation from the melt surface and the heater, and hence the temperature gradient in the vertical direction may 
become smaller at the surface than at the center in some cases when the pulling rate is decreased. In such cases, the 
solid-melt interface may be flat. 

[0181] The crucible must be rotated during single crystal growth in order to obtain a single crystal of a predeter- 

25 mined shape through uniform heating by the heater. However, its rotating speed is set at 5 rpm or less in this invention. 
This is because, when the rotating speed of the crucible is increased, it becomes difflcult to implement ultra-low imper- 
fection in the whole in-plane area of a wafer. When the crucible is rotated, the fluidity of the melt within the crucible is 
restrained. Thus, when its rotating speed exceeds 5 rpm, it is assumed that flows of melt such as to achieve a flat or 
upwardly convex solid-melt interface would be disturbed. 

30 [0182] To compare the effects of the rotating speed of the crucible, examinations were made as to how the distri- 
bution of defects changes by changing the rotating speed of the crucible and by continuously changing the pulling rate 
when an 8"-diameter single crystal was grown by melting 120 kg of polysilicon, i.e., a raw material into which boron, a 
p-type dopant, was added so as to obtain an electrical resistivity of 1 0 Q cm, using a single crystal producing apparatus. 
[0183] FIG. 30 shows the results of the examinations made as to the distributions of defects in the case where the 

35 rotating speed of the crucible was varied at levels of 10 rpm, 3 rpm and 1 rpm. In the case of FIG. 30, the single crystal 
was rotated at a constant speed of 20 rpm, and after forming the shoulder, the single crystal was grown to a length of 
about 50 mm at a pulling rate of 0.7 mm/min, after which the pulling rate was continuously decreased to 0.3 mm/min to 
grow the single crystal to a length of about 1000 mm. As to the thus obtained single crystal, FIG. 30 shows schemati- 
cally the distributions of its defects in its vertical cross section parallel with the pulling shaft. The defects were observed 

40 at the center of the obtained crystal- The distributions of defects in wafers when the pulling rate was varied can be 
inferred from these results. 

[0184] In the case where the crucible was rotated at 10 rpm as shown in FIG. 30 (a), R-OSF moved from the outer 
edge to the center as the pulling rate was decreased, so that laser scattering tomography defects that tend to be easily 
formed in the inner side of R-OSF were reduced, but dislocation clusters, in turn, began to occur at the outer edge. That 

45 is, no matter how the pulling rate was varied, wafers free of grown-in defects, such as laser scattering tomography 
defects or dislocation clusters, could not be obtained. In contrast, in the case where the crucible was rotated at 3 rpm 
such as shown in FIG. 30 (b), wafers almost free of grown-in defects could be obtained if the pulling rate was decreased 
to decrease the outside diameter of R-OSF. Further, when the crucible was rotated at 1 rpm as shown in FIG. 30 (c), a 
single crystal capable of providing wafers free of grown-in defects could be produced in such a wide pulling rate range 

50 as to reduce the outside diameter of R-OSF or eliminate R-OSF. 

[0185] As described in the foregoing, the rotating speed of the crucible Is set at 5 rpm or less as the upper limit, 
while its lower limit is not particularly specified, and it may be 0 rpm. 

[0186] A single crystal that is being pulled must be rotated at a rotating speed of 13 rpm or more. This is required 
to cause an upward flow of forced convection at the center of the crucible and a downward flow near the crucible wall. 
55 By this fluidity of the melt, the high-temperature upward flow of the melt hits the central portion of the crucible, i.e., the 
middle portion of the lower surface of the crystal being grown, thereby allowing the solid-melt interface to be maintained 
upwardly convex. When the single crystal is rotated at speeds below 13 rpm. the single crystal that can provide wafers 
that are free of defects in their whole in-plane area cannot be obtained. On the other hand, when the single crystal is 
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rotated too fast, a wafer region having an extremely low level of defects decreases, and the growing rate of the crystal 
also decreases. The reason for this is assumed to be that the upward flow passes near the solid-melt interface so fast 
that the interface does not become upwardly convex satisfactorily Therefore, it Is desirable that the single crystal be 
rotated at 30 rpm at most. That is, the crystal is rotated at 13 rpm or more. Its desirable range is between 15 and 30 rpm. 
[01 87] The design of the cooled portion of a single crystal that is pulled from the melt. I.e., the design of a hot zone 
is not particularly limited. However, while the crystal stays in the temperature range of the solidifying point to about 
1250°C, It is desirable that the temperature gradient in the direction of the pullinp shaft is not larae at the surface of the 
crystal, and thus it is preferable that the surface of the single crystal Immediately above the melt .-siirf^ire be of such a 
structure that radiation from the crucible wall or the heater Is not particularly shielded. 

5-1. Example 15 



[0188] An 8"-diameter silicon single crystal was grown while changing the rotating speed of the crystal and that of 
the crucible using the single crystal producing apparatus shown in FIG. 1 . The crucible was charged with 120 kg of poly- 
silicon that is a raw material, into which boron, a p-type dopant, was added so that the crystal has an electrical resistivity 
of about ion cm. 

[01 89] FIG. 31 shows the results of examinations made as to Example 1 5. It shows the measurements of the pulling 
rate and the rotating speeds of the crystal and the crucible at which the single crystal was grown. The R-OSF position 
was observed through X-ray topography as to wafers that were taken at the upper, middle, and lower portions of the 
single crystal, Immersed into a 16%-by-weight aqueous solution of copper nitrate to have Cu deposited thereon, and 
heated at 900°C for 20 minutes and thereafter cooled. Further, the density of laser scattering tomography defects and 
the density of dislocation clusters were examined through laser scattering tomograpy and Secco etching, respectively 
Further, as to wafers taken at positions adjacent to those wafers whose defect distributions were examined, time-zero 
dielectric breakdown (TZDB) for an oxide film thickness of 25 nm was measured and their percent nondefective was 
obtained after subjecting each of such wafers to a predetermined heat treatment and the like and thereafter giving it a 
gate structure of a device. 

[01 90] The results of these examinations are collectively Indicated In FIG. 31 . The density of laser scattering tom- 
ography defects and that of dislocation clusters were indicated in terms of the average of the measurements at five arbi- 
trary positions of each wafer. As is apparent from these results, the wafers obtained from the single crystal that was 
grown in accordance with the method specified by this invention were of high quality with less grown-in defects such as 
laser scattering tomography defects and dislocation clusters and with a higher percent nondefective in terms of TZDB 
compared with the wafers obtained from the single crystal that was grown by the conventional producing method. 
[01 91 ] As described in the foregoing, according to the fifth high-quality silicon single crystal and the method of pro- 
ducing the same, a high-quality single crystal of a large diameter and a long size In which grown-in defects such as dis- 
location clusters and laser scattering tomography defects are minimized can be produced by CZ method in a good yield. 
Wafers obtained from the thus produced single crystal contain less harmful defects which deteriorate device character- 
istics and hence can be effectively adapted to larger scale integration and size reduction of the devices. 

Industrial Applicability 



[0192] In the high-quality silicon single crystals and the methods of producing the same of this Invention, the posi- 
tion where R-OSF occur can be controlled In accordance with the single crystal pulling conditions, and at the same time, 
a high-quality single crystal of a large diameter and a long size in which grown-in defects such as dislocation clusters 
and laser scattering tomography defects are minimized can be produced in a good yield. Wafers obtained from the thus 
produced single crystals are denuded of harmful defects that deteriorate device characteristics and hence can be effec- 
tively adapted to larger scale Integration and size reduction of the devices. 

[0193] Therefore, the high-quality silicon single crystals and the methods of producing the same according to this 
invention can be utilized In the field of producing silicon single crystals for the preparation of semiconductor 

Claims 



. A high-quality silicon single crystal grown by a CzochralskI method, characterized in that the width of ring-like 
extending oxidation-induced staking faults exceeds 8% of the radius of said grown crystal and dislocation clusters 
are absent. 



2. A high-quality silicon single crystal grown by a CzochralskI method, characterized In that the width of ring-like 
extending oxidation-induced staking faults exceeds 8% of the radius of said grown crystal, the inside diameter of 
said ring-like extending oxidation-induced staking faults is within a range of 0-80% of the diameter of said grown 



28 



EP 1 035 234 A1 

crystal, and grown-in defects are present at a low density or absent, 

3. A high-quality silicon single crystal grown by a Czochralski method, characterized In that the outside diameter of a 
region where ring-like extending oxidation-Induced staking faults occur Is within a range of 0-80% of the diameter 

5 of said grown crystal, and dislocation clusters are absent, 

4. A high-quality silicon single crystal grown by a Czochralski method, characterized in that the inside diameter of a 
ring-like oxygen precipitation promoting region is within a range of 0-80% of the diameter of said grown crystal, and 
dislocation clusters are absent. 

10 

5. A high-quality silicon single crystal grown by a Czochralski method, characterized in that the outside diameter of a 
ring-like region where the amount of oxygen precipitates is small is within a range of 0-80% of the diameter of said 
grown crystal, and dislocation clusters are absent. 

15 6. A high-quality silicon single crystal grown under such a condition that said crystal stays in a temperature range of 
1250°C-1000°C for 7 hours or more when pulled by a Czochralski method, characterized in thai the outside diam- 
eter of ring-like extending oxidation-induced staking faults is within a range of 0-60% of the diameter of said grown 
crystal. 

20 7. A high-quality silicon single crystal grown under such a condition that said crystal stays in a temperature range of 
1250°C-1 000°C for 7 hours or more when pulled by a Czochralski method, characterized in that the inside diameter 
or the outside diameter of an oxygen precipitation promoting region is within a range of 0-60% of the diameter of 
said grown crystal. 

25 8. A high-quality silicon single crystal grown under such a condition that said crystal stays in a temperature range of 
1250°C-1000°C for 7 hours or more when pulled by a Czochralski method, characterized in that the outside diam- 
eter of a ring-like region where the amount of oxygen precipitates is small is within a range of 0-60% of the diameter 
of said grown crystal. 

30 9. A high-quality silicon single crystal grown under such a condition that said crystal stays in a temperature range of 
1250°C-1000'=^C for 7 hours or more when pulled by a Czochralski method, characterized in that the outside diam- 
eter of a circular region where laser scattering tomography defects are detected is within a range of 0-60% of the 
diameter of said grown crystal. 

35 10. A method of producing a high-quality silicon single crystal characterized In that sard single crystal is grown under 
such conditions that said crystal is pulled so as to stay in a temperature range of 1250°C-1000°C for 7 hours or 
more, and that the outside diameter of ring-like extending oxidation-induced staking faults is within a range of 0- 
60% of the diameter of said grown crystal. 

40 11. A method of producing a high-quality silicon single crystal characterized In that said single crystal is grown under 
such conditions that said crystal is pulled so as to stay in a temperature range of 1250°C-1000°C for 7 hours or 
more, and that the inside diameter or the outside diameter of an oxygen precipitation promoting region is within a 
range of 0-60% of the diameter of said grown crystal. 

45 12. A method of producing a high-quality silicon single crystal characterized in that said single crystal is grown under 
such conditions that said crystal is pulled so as to stay in a temperature range of 1250'*C-1000°C for 7 hours or 
more, and that the outside diameter of a ring-like region where the amount of oxygen precipitates is small is within 
a range of 0-60% of the diameter of said grown crystal. 

50 13. A method of producing a high-quality silicon single crystal characterized in that said single crystal is grown under 
such conditions that said crystal is pulled so as to stay in a temperature range of 1250''C-1000°C for 7 hours or 
more, and that the outside diameter of a circular region where laser scattering tomography defects are detected is 
within a range of 0-60% of the diameter of said grown crystal. 

55 14, A high-quality silicon single crystal grown under such a condition that a temperature gradient in the vertical direc- 
tion parallel with a pulling shaft of said crystal is smaller at the outer edge than at the center and is 2.6°C/mm or 
more at the center when said crystal stays in a temperature range of the solidifying point thereof to 1250*C while 
pulled by a Czochralski method, characterized in that the outside diameter of ring-like extending oxidation-induced 
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staking feults is within a range of 0-60% of the diameter of said grown crystal. 

A method of producing a high-quality silicon single crystal characterized in that said single crystal is grown under 
such conditions that a temperature gradient in the vertical direction parallel with a pulling shaft of said crystal is 
smaller at the outer edge than at the center and is 2.6°C/mm or more at the center when said crystal slays in a tem- 
perature range of the solidifying point thereof to 1250°C during growth, and that the outside diameter of ring-like 
extending oxidation-induced staking faults is within a range of 0-60% of the diameter of said grown crystal. 

A high-quality silicon single crystal grown in such a state that the shape of a solid-melt Interface between said crys- 
tal and a melt is flat or upwardly convex when pulled by a Czochralski method, characterized in that the outside 
diameter of ring-like extending oxidation-induced staking faults is within a range of 0-60% of the diameter of said 
grown crystal. 

A method of producing a high-quality silicon single crystal characterized in that said crystal is pulled in such a state 
that the shape of a solid-melt interface between said single crystal being grown and a melt is flat or upwardly con- 
vex at such a low rate as to allow the outside diameter of ring-like extending oxidation-induced staking faults within 
said single crystal to be within a range of 0-60% of the diameter of said crystal. 

A method of producing a high-quality silicon single crystal according to claim 17. wherein the rotating speed of a 
crucible is set at 5 rpm or less. 



1 9. A method of producing a high-quality silicon single crystal according to claim 1 7. wherein the rotating speed of said 
single crystal Is set at 1 3 rpm or more. 

20. A method of producing a high-quality silicon single crystal according to claim 17. wherein the rotating speed of a 
crucible is set at 5 rpm or less, and the rotating speed of said single crystal Is set at 13 rpm or more. 
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FIG. 1 
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FIG. 2 
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FIG. 6 
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FIG. 7 
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FIG. 8 
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FIG. 9 



300 



250 



200 
I 150 
I 100 



INNER REGION OF R-OSF IN 
yjTA CONVENTIONAL CRYSTAL 



50 



Side 



CLUSTERS 





CONVENTIONAL CRYSTAL HAVING 
R-OSF BUT NO DISLOCATION 



D O- 



-a- 



R-OSF 
1/3R 



IU2 

IN-PLANE POSITION 



Center 



39 



EP 1 035 234 A1 



FIG. 10 
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FIG. 11 
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FIG. 12 
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FIG. 15 
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FIG. 16 



(b) 




46 



EP 1 035 234 A1 



PIG, 17 




CENTER 



OUTER EDGE 



CENTER 



OUTER EDGE 




CENTER 



OUTER EDGE 



47 



EP 1 035 234 A1 



FIG. 18 
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